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ABSTRACT
Star formation in the universe’s most massive galaxies proceeds furiously early in time but then
nearly ceases. Plenty of hot gas remains available but does not cool and condense into star-forming
clouds. Active galactic nuclei (AGN) release enough energy to inhibit cooling of the hot gas, but
energetic arguments alone do not explain why quenching of star formation is most effective in high-
mass galaxies. In fact, optical observations show that quenching is more closely related to a galaxy’s
central stellar velocity dispersion (σv) than to any other characteristic. Here, we show that high σv
is critical to quenching because a deep central potential well maximizes the efficacy of AGN feedback.
In order to remain quenched, a galaxy must continually sweep out the gas ejected from its aging stars.
Supernova heating can accomplish this task as long as the AGN sufficiently reduces the gas pressure
of the surrounding circumgalactic medium (CGM). We find that CGM pressure acts as the control
knob on a valve that regulates AGN feedback and suggest that feedback power self-adjusts so that it
suffices to lift the CGM out of the galaxy’s potential well. Supernova heating then drives a galactic
outflow that remains homogeneous if σv & 240 km s−1. AGN feedback can effectively quench galaxies
with a comparable velocity dispersion, but feedback in galaxies with a much lower velocity dispersion
tends to result in convective circulation and accumulation of multiphase gas within the galaxy.
Keywords: galaxies: halos — intergalactic medium — galaxies: ISM
1. INTRODUCTION
The surest way to quench star formation in a galaxy
is to rid it of molecular gas. That end can be accom-
plished either gradually, by turning molecular gas into
stars faster than it can accumulate, or abruptly, by de-
stroying or ejecting all the galaxy’s molecular clouds.
However, star formation will eventually resume unless
the galaxy can prevent more molecular gas from accu-
mulating. Three different gas sources must therefore be
prevented from supplying cold gas:
1. Cold streams. Accretion of cold gas along cos-
mological dark-matter filaments can potentially
feed star formation (e.g., Keresˇ et al. 2005, 2009;
Dekel et al. 2009). If not disrupted before reaching
the bottom of the local potential well, those cold
accretion streams will enter the central galaxy.
Most current models of galaxy evolution there-
fore posit that quiescent central galaxies have hot
gaseous halos that disrupt cold streams. They also
posit that quiescent satellite galaxies orbiting the
central one cannot access cold streams because of
their displacement from the center.
2. Cooling flows. Even if cold streams are dis-
rupted by a hot halo, radiative cooling of the dens-
est gas in that hot halo can still supply cold gas
to the central galaxy (e.g., White & Frenk 1991;
Fabian 1994). Most current models of galaxy for-
mation therefore posit that accretion of cooling
gas onto a central supermassive black hole re-
leases enough energy to offset most of the radia-
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tive losses, thereby limiting the supply of cold gas
to the central galaxy (e.g., McNamara & Nulsen
2007, 2012; Werner et al. 2019)
3. Stellar mass loss. The third gas source is the ag-
ing stellar population of a quiescent galaxy (e.g.,
Mathews & Brighenti 2003; Leitner & Kravtsov
2011; Voit & Donahue 2011). As dying stars shed
their surplus gas, it accumulates in the galaxy,
where it is heated by exploding white dwarfs
(SNIa). Supernova heating is energetically capa-
ble of sweeping ejected stellar gas out of a galaxy,
but the pressure of the galaxy’s circumgalactic
medium (CGM) limits the rate at which it can
do so. That is because the confining CGM pres-
sure determines the outflow’s gas density and its
radiative losses. If the CGM pressure is too great,
supernovae cannot sweep out the ejected stellar
gas.
This paper analyzes the three-way coupling that can
occur between supernova sweeping of stellar ejecta, the
confining CGM pressure, and bipolar kinetic feedback
fueled by accretion of cooling gas onto the central black
hole. Together they make a valve that regulates fu-
eling of the active galactic nucleus (AGN). The ideas
presented build upon an enormous literature that is im-
possible to adequately summarize here, and so we will
restrict ourselves to pointing out some highlights.
Mathews & Baker (1971), in a seminal and insightful
paper on galactic winds, laid a foundation that remains
strong nearly half a century later. Interestingly, their
pursuit of outflow solutions for supernova-driven galac-
tic winds was equally motivated by both the absence
of cold interstellar gas and the presence of non-thermal
radio sources in massive elliptical galaxies. Mathews &
Brighenti (2003) have extensively reviewed the line of
research that followed.
A couple of decades later, Tabor & Binney (1993)
and Binney & Tabor (1995) focused more closely on
how cooling-flow accretion onto a central black hole in
a massive elliptical can limit the overall condensation
rate. They recognized that the radial profiles of pres-
sure, density, and temperature inferred from X-ray ob-
servations resemble galactic outflows near the onset of a
cooling catastrophe that supernova heating cannot pre-
vent. While supernova heating can drive gas out of a
massive elliptical galaxy, it cannot unbind that gas from
the galaxy’s halo (e.g., Mathews & Loewenstein 1986;
Loewenstein & Mathews 1987; David et al. 1990). With-
out additional heating, ejected stellar mass therefore
collects in the CGM and raises the confining pressure.
Eventually, the central density of the confined outflow
increases enough for radiative cooling to exceed super-
nova heating, and cooling gas starts to flow toward the
origin. Binney & Tabor proposed that the central cool-
ing flow should then fuel accretion onto a supermassive
black hole, producing bipolar jets that heat and expand
the surrounding medium, raising its entropy and tem-
porarily alleviating the cooling catastrophe.
Around the same time, Ciotti et al. (1991) launched a
series of increasingly sophisticated simulations, at first
to explore the evolution of supernova-heated outflows,
and later to explore the coupling between those out-
flows and sporadic black-hole outbursts (Ciotti & Os-
triker 2001, 2007; Ciotti et al. 2010, 2017). Those models
demonstrated the importance of both kinetic feedback
(Ostriker et al. 2010; Choi et al. 2015) and the circum-
galactic environment (Shin et al. 2012) to the evolution
of hot gas in massive ellipticals, but they did not di-
rectly explore the effects of AGN feedback on the con-
fining CGM pressure. During much of the time, the
simulated AGN power is relatively low, allowing radia-
tive cooling to reduce the central entropy and raise the
central gas density until a cooling catastrophe begins.
The rapid rise in cooling then fuels a strong burst of
AGN feedback, lasting several tens of Myrs, that boosts
the central entropy and cooling time while lowering the
central gas density.
More recently, three-dimensional simulations have
vividly illustrated how kinetic feedback limits cooling
and condensation of ambient galactic gas and why it is
more effective than purely thermal feedback (e.g., Gas-
pari et al. 2011b,a, 2012; Li & Bryan 2014a; Li et al.
2015; Dubois et al. 2012; Prasad et al. 2015, 2017; Yang
& Reynolds 2016; Meece et al. 2017; Beckmann et al.
2019). Strong, narrow jets can drill through the ambient
medium within a few kiloparsecs of the AGN without
significantly disturbing much of it, and that enables the
jets to transport most of their kinetic energy tens of
kiloparsecs from the origin before thermalizing it in the
CGM (see also Soker 2016). This transport mechanism
distributes thermal energy over a large volume with-
out producing excessive convection, which destabilizes
the ambient medium and results in overproduction of
multiphase gas (Meece et al. 2017; Voit et al. 2017)
Here, we build upon those previous efforts by ap-
plying recent insights into the thermal stability of the
CGM. Our objective is to determine the conditions that
allow supernova heating to sweep ejected stellar mass
out of a massive elliptical galaxy in an outflow that re-
mains stable to multiphase condensation (see Voit et al.
2015c, hereafter V15, for a preliminary analysis). In or-
der for the ambient medium to remain homogeneous,
its ratio of radiative cooling time (tcool) to freefall time
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(tff) must satisfy the condition tcool/tff & 10 (see §2.7).
Also, supernova heating must exceed radiative cooling
within most of the galaxy’s volume, requiring the ambi-
ent gas density to decline with radius at least as rapidly
as ∝ r−1. In that case, radiative cooling per unit vol-
ume declines at least as rapidly as supernova heating,
which is proportional to the stellar mass density (ap-
proximately ρ∗ ∝ r−2). These conditions cannot be
satisfied unless something other than supernova heating
lowers the pressure of the CGM surrounding the galaxy.
We therefore assume that powerful but sporadic AGN
outbursts clear the way for supernova sweeping by low-
ering the confining CGM pressure. Those outbursts oc-
cur whenever cooling at small radii supplies the central
black hole with an unusually large amount of fuel. As a
consequence, the CGM pressure ultimately governs the
maximum black-hole fueling rate because it determines
the mass inflow rate of the inner cooling flow.
The most far-reaching result of this paper is that this
critical gas density profile (ρ ∝ r−1) corresponds to a
critical stellar velocity dispersion (σv ≈ 240 km s−1),
above which coupling of AGN feedback to CGM pressure
can keep star formation permanently quenched. Nearly
complete quenching can happen because the ambient
medium then satisfies the conditions for supernova heat-
ing to drive a steady, homogeneous flow of ejected stellar
gas out of the galaxy.
Readers interested in the basic physical picture should
start with Section 2, which shows that the critical den-
sity slope is determined by a critical entropy profile slope
that depends almost exclusively on the ratio of the spe-
cific energy of stellar ejecta to the square of the gravita-
tional potential’s circular velocity. It therefore depends
on the quotient of the specific supernova heating rate
and specific stellar mass-loss rate, which both evolve
with time. Section 3 presents a more formal treatment,
adding rigor to the analytical estimates of §2 by com-
paring them with numerical integrations of the steady
flow equations. Observational support for the model
can be found in §4, which validates the numerical so-
lutions through comparisons with X-ray observations of
massive elliptical galaxies and infers the role of inter-
mittent AGN feedback from the discrepancies. Section
5 discusses the resulting implications and predictions
for quenching of star formation, focusing in particular
on why quenching should depend primarily on central
stellar velocity dispersion and secondarily on halo mass.
Section 6 summarizes the paper.
2. THE BASIC PICTURE
This section outlines the black-hole feedback valve
model by presenting a series of simple analytical es-
timates intended to make the overall physical picture
intuitively clear. It begins by modeling the hot ambi-
ent medium as a series of concentric spherical shells,
each with a constant temperature, so that gas density
depends only on specific entropy. It then shows how
the structure of the resulting galactic atmosphere de-
pends on the entropy profile slope determined by the
average specific energy of stellar ejecta. It explains how
the radius req at which local supernova heating equals
local radiative cooling is determined by an outer pres-
sure boundary condition, and it demonstrates that su-
pernova heating cannot sweep ejected stellar gas out of
the galaxy unless AGN feedback reduces the confining
CGM pressure to a small fraction of its cosmological
value. The section concludes with an assessment of the
conditions under which the outflow is stable to mul-
tiphase condensation and some estimates of the AGN
feedback power and momentum flux required to make
the basic picture self-consistent.
2.1. Piecewise Isothermal Atmosphere
A galaxy’s ambient atmosphere can be approximated
with a piecewise isothermal hydrostatic model as long
as its velocity field is sufficiently subsonic. Quanti-
fying specific entropy in terms of the entropy index
K ≡ kTn−2/3e , where T is the gas temperature and ne
is the electron density, leads to
d lnP
d ln r
= −3
2
d lnK
d ln r
= −µmpv
2
c
kT
(1)
within each hydrostatic, isothermal shell of gas in a grav-
itational potential with circular velocity vc. The loga-
rithmic entropy slope in each shell is
αK ≡ d lnK
d ln r
=
2
3
µmpv
2
c
kT
, (2)
giving K ∝ rαK and ne ∝ r−3αK/2 for an isothermal
potential in which vc is constant with radius. Within
each shell, the constant of proportionality relating hy-
drostatic temperature to v2c is determined by the en-
tropy slope αK of the galactic atmosphere in that shell.
A galactic atmosphere in which T is a slowly changing
function of radius can therefore be approximated with a
set of thick concentric isothermal shells in which T and
αK are related through equation (2).
Cosmological structure formation tends to produce
dark-matter halos similar to singular isothermal spheres
in which gas density is approximately proportional to
dark-matter density. Hydrostatic gas in an idealized
cosmological halo can therefore be approximated by
choosing αK = 4/3, ne ∝ r−2, and T = Tφ, with
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Tφ ≡ µmpv2c/2k ≈ const.,1 but radiative cooling gen-
erally alters the structure of the inner regions. Without
a non-gravitational heat source, radiative cooling in an
isothermal potential produces a central cooling flow that
has αK = 1, ne ∝ r−3/2, and T = 4Tφ/3 (e.g., Voit et al.
2017; Stern et al. 2019). However, cooling of gas near
the center of the potential well can also result in star for-
mation followed by supernova explosions that generate
heat.
2.2. Supernova Sweeping
Long after star formation has ceased, an aging stel-
lar population continues to supply mass and energy to
the ambient medium through normal stellar mass loss,
planetary nebulae, and SNIa. In order for star forma-
tion to remain quenched, the galaxy must sweep out the
gas shed by stars as quickly as it accumulates, through
some combination of supernova heating and AGN feed-
back (e.g., Mathews & Brighenti 2003; David et al. 2006;
Voit & Donahue 2011, V15). This section shows that the
entropy slope of the resulting outflow in regions where
supernova heating locally exceeds radiative cooling de-
pends primarily on the ratio ∗/v2c relating the specific
thermal energy ∗ of ejected stellar gas to the depth of
the galactic potential well.
The radial structure of such a steady spherical flow
depends on its Bernoulli specific energy , defined by
(r) ≡ v
2
r
2
+ φ(r) +
5
2
kT
µmp
, (3)
where vr is the flow’s radial velocity, φ(r) is the gravi-
tational potential, and the enthalpy term (5kT/2µmp)
accounts for both the specific thermal energy and the
PdV work done by the flow. If radiative losses are neg-
ligible, the steady-state flow of Bernoulli energy through
radius r equals the integrated rate of energy input into
the gas within the volume bounded by r. Three energy
sources contribute:
1. Supernova energy. Dividing the rate of stellar
heat input by the rate of stellar mass loss gives the
mean specific energy ∗ of gas coming from stars.
2. Orbital energy. The equilibrium isotropic ve-
locity dispersion of a singular isothermal sphere of
stars is σv = vc/
√
2, and so thermalization of the
orbital kinetic energy associated with stellar mass
loss adds a specific energy 3v2c/4.
1 A more realistic approximation would set αK = 1.1 and as-
sume a non-isothermal NFW potential (Navarro et al. 1997).
3. Gravitational potential energy. The inte-
grated stellar mass loss within r adds a mean
(mass-weighted) specific potential energy φ¯(r).
The Bernoulli specific energy of outflowing gas at radius
r is therefore
(r) = ∗ +
3
4
v2c + φ¯(r) (4)
if there are no radiative losses.
As long as the outflow remains highly subsonic, its
specific kinetic energy can be neglected and its temper-
ature is
kT ≈ 2
5
µmp
[
∗ +
3
4
v2c − (φ− φ¯)
]
. (5)
In a singular isothermal sphere dominated by stellar
mass, one finds (φ− φ¯) = v2c , because φ(r) = v2c ln(r/rφ)
and φ¯(r) = v2c [ln(r/rφ)− 1]. According to equations (2)
and (5), the power-law entropy slope of the outflow in
that region is then
αK ≈ 5
3
(
∗
v2c
− 1
4
)−1
, (6)
demonstrating that the atmosphere’s structure depends
almost entirely on the ratio ∗/v2c (see also Sharma &
Nath 2013, V15).
If the gravitational potential is negligible compared to
the specific energy of stellar mass loss (i.e. v2c  ∗), lit-
tle work is required to drive the outflow. In that case,
the region where stars are adding mass and energy is
nearly isobaric and isentropic, with kT ≈ (2/5)µmp∗.
At the other extreme, as v2c approaches 4∗, the out-
flow’s pressure and entropy gradients become extremely
steep because the specific energy of stellar mass loss be-
comes incapable of driving a steady outflow through the
isothermal potential. However, the case most relevant
to quenching of isolated massive galaxies is v2c ≈ ∗/2, in
which the work necessary to drive the outflow is compa-
rable to the supernova heat input, resulting in αK ∼ 1.
2.3. A Critical Entropy Slope
The primary predictions of this paper follow from the
fact that galactic outflows with αK > 2/3 should fun-
damentally differ from those with αK < 2/3. At the
crossover (i.e., αK = 2/3), the electron density profile
of isothermal gas is ne ∝ r−1, meaning that radiative
cooling per unit volume is ∝ r−2. In that configuration,
the ratio of radiative cooling per unit volume to stellar
heating per unit volume is constant with radius within
the region where the stellar mass density is ∝ r−2. The
ratio of stellar heating to radiative cooling consequently
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decreases with radius in galaxies with a shallow ambi-
ent entropy slope (αK < 2/3) and rises with radius in
galaxies with a steep ambient entropy slope (αK > 2/3).
Galaxies in which αK > 2/3 can therefore remain in a
steady state consisting of a cooling flow encompassed
within a supernova-heated outflow. Those two flows
diverge from a stagnation radius near req representing
both the outer boundary of the cooling flow and the
inner boundary of the outflow. Mass shed by stars at
. req flows inward, while mass shed by stars at & req
flows outward.
Another special feature of αK = 2/3 is that the ra-
tio of cooling time to freefall time is then constant in
an isothermal potential. The tcool/tff ratio of the am-
bient medium in a galaxy with αK > 2/3 consequently
increases with radius, implying that the region of the
ambient medium most susceptible to multiphase con-
densation is at small radii. One therefore expects the
inner cooling flow to produce cold clouds primarily in the
vicinity of the central black hole, potentially supercharg-
ing the feedback output fueled by chaotic cold accre-
tion (Gaspari et al. 2013, 2015, 2017), without supplying
molecular gas for star formation at larger radii. In con-
trast, the ambient medium in a galaxy with αK < 2/3
is more susceptible to multiphase condensation at large
radii than at small radii.
Solving equation (6) for the circular velocity corre-
sponding to the critical entropy slope (αK = 2/3) gives
vc ≈
(
4∗
11
)1/2
≈ 340 km s−1
(µmp∗
2 keV
)1/2
. (7)
The same result written in terms of an isotropic isother-
mal velocity dispersion is
σv ≈
(
2∗
11
)1/2
≈ 240 km s−1
(µmp∗
2 keV
)1/2
. (8)
Observations of the specific SNIa rate from a stellar
population with an age ∼ 10 Gyr indicate that it is
∼ 3 × 10−14 SN yr−1M−1 in massive elliptical galaxies
(Maoz et al. 2012; Friedmann & Maoz 2018). Multiply-
ing that rate by 1051 erg per SNIa (Shen et al. 2018)
and dividing the result by the specific stellar mass-loss
rate (t−1∗ ) gives
∗ ≈ 2 keV
µmp
· t∗
200 Gyr
. (9)
The 200 Gyr timescale chosen for scaling t∗ corresponds
to 0.5% of the stellar mass per Gyr and is broadly con-
sistent with a stellar population age ∼ 10 Gyr but de-
pends in detail on the stellar initial mass function (e.g.,
Leitner & Kravtsov 2011). The specific SNIa rate and
specific stellar mass-loss rate are both time-dependent
and somewhat uncertain, meaning that the critical ve-
locity dispersion predicted by the model is also time-
dependent and somewhat uncertain.2 However, the ra-
tio of SNIa heating to stellar mass loss changes relatively
slowly with time (e.g., Ciotti et al. 1991), meaning that
the time dependence of the critical velocity dispersion
should also be rather mild (but see §5.3).
2.4. Heating/Cooling Equality
Radiative cooling per unit volume equals supernova
heating per unit volume at any radius at which(
∗ +
3
2
σ2v
)
ρ∗
t∗
= nenpΛ(T ) , (10)
where ρ∗ is the stellar mass density and Λ(T ) is the
usual radiative cooling function, defined with respect to
the proton density np. Solving for P gives the pressure
profile
Peq(r) ≡
[(
∗ +
3
2
σ2v
)(
n2
nenp
)
ρ∗
t∗Λ(T )
]1/2
kT (11)
along which radiative cooling would equal supernova
heating, given the temperature T . For σv ≈ 240 km s−1,
supernova sweeping without radiative cooling gives
αK ≈ 2/3 and kT ≈ 0.75 keV. The critical profiles
of pressure, electron density, and entropy in solar-
metallicity gas near this temperature are
Peq(r) ≈ (1.4× 10−10 erg cm−3)σ3240 r−1kpc (12)
ne,eq(r) ≈ (0.06 cm−3)σ240 r−1kpc (13)
Keq(r) ≈ (5 keV cm2)σ4/3240 r2/3kpc , (14)
given rkpc ≡ r/(1 kpc) and σ240 ≡ σv/240 km s−1, an
isothermal stellar mass distribution (ρ∗ = σ2v/2piGr
2),
and the fiducial values µmp∗ ≈ 2 keV and t∗ ≈ 200 Gyr,
if the weak dependence of Λ(T ) on σv is ignored.
Figure 1 shows how the ratio of estimated stellar heat-
ing to radiative cooling depends on radius for ten mas-
sive ellipticals with high-quality Chandra X-ray observa-
tions from Werner et al. (2012, 2014). The interstellar
metallicity in each of them is observed to be approxi-
mately solar, and so we have computed their radiative
2 The inferred value of ∗ is more robust to assumptions about
the initial mass function (IMF) than either the specific stellar
mass-loss rate or the specific SNIa rate, as long as the same IMF
is assumed. Here, the quoted SNIa rate is relative to the stellar
mass of the initial stellar population, which was assumed to have
a Kroupa (2001) IMF. For a similar IMF, the fits of Leitner &
Kravtsov (2011) give t∗ = 217 Gyr, relative to the initial stellar
mass, at a stellar population age of 10 Gyr.
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Figure 1. Estimated ratio of stellar heating per unit volume to radiative cooling per unit volume plotted as a function of radius for
ten massive elliptical galaxies, including five with no extended multiphase gas outside the central ∼ 1 kpc (left panel) and five that have
extended multiphase gas (right panel). Radiative cooling rates are based on Chandra observations by Werner et al. (2012, 2014) and
assume solar metallicity. Stellar heating estimates assume that the stellar mass is distributed like a singular isothermal sphere with the
central velocity dispersion given by Hyperleda (shown in parentheses), resulting in a heating rate per unit volume (∗ + 3σ2v/2)ρ∗/t∗, given
∗ = 2 keV/µmp and t∗ = 200 Gyr. Blue shading shows where radiative cooling exceeds stellar heating. Thick gray lines show the general
trend predicted by equation (6) for the velocity dispersions listed in the labels.
cooling rates assuming solar metallicity throughout the
paper.3 Our estimator for stellar heating per unit vol-
ume is the left hand side of equation (10), assuming
∗ = 2 keV/µmp, t∗ = 200 Gyr, and ρ∗ = σ2v/2piGr
2,
with σv for each galaxy from Hyperleda. It overesti-
mates stellar heating at radii beyond where the stel-
lar mass density starts to decline more steeply than
ρ∗ ∝ r−2, but for now we are most interested in the
range 0.5 kpc . r . 2 kpc, where all of the estimated
heating/cooling ratios are of order unity.
The general proximity of these heating/cooling ratio
profiles to unity is remarkable. Naively, one might ex-
pect gas below the line of equality to cool further, be-
coming increasingly compressed and cooling dominated.
Likewise, heating of gas above the line of equality should
cause it to expand and become more strongly dominated
by heating. The nearness of these observed profiles to
the line of heating/cooling equality therefore indicates
that a self-regulation mechanism involving AGN feed-
back maintains these galaxies near the balance point
between stellar heating and radiative cooling. Also no-
table is the fact that the heating/cooling ratio profiles
beyond ∼ 1 kpc for galaxies without extended multi-
phase gas (left panel) tend to rise from r ∼ 1 kpc to
3 This assumption is motivated by abundance observations and
ignores the fact that the mean iron abundance of the gas ejected
from old stars should be several times solar, given the observed
SNIa rate. Consequently, the iron coming from recent SNIa must
not be well mixed with the gas coming from the rest of the stars,
but the reason remains mysterious. (See V15 for a brief discus-
sion.)
r ∼ 10 kpc, while the profiles of ellipticals that do con-
tain extended multiphase gas (right panel) tend either
to decline or to remain flat.
2.5. Boundary Pressure and Cooling Flows
In steady subsonic solutions for thermally driven,
mass-loaded outflows, the normalization of pressure and
density depend on the gas pressure at the outer bound-
ary. For simplicity, let rb be a boundary radius inside of
which stellar heating determines the outflow’s entropy
profile.4 Setting the bounding gas pressure at rb to Pb
then leads to the profiles
Pout(r) ≈ Pb
(
r
rb
)−3αK/2
(15)
kTout(r) ≈ kTb (16)
ne,out(r) ≈ Pb
kTb
(
µ
µe
)(
r
rb
)−3αK/2
(17)
Kout(r) ≈ (kTb)5/3
(
Pb
µe/µ
)−2/3(
r
rb
)αK
, (18)
where αK is determined by equation (6), µemp is the
mean mass per electron, and kTb = 2µmpv
2
c/3αK .
In galaxies with σv ≈ 240 km s−1, these supernova-
sweeping profiles run parallel to the critical profiles for
4 There is no clear physical distinction between the interstellar
medium (ISM) of a massive elliptical galaxy and its CGM, and
so this boundary radius is rather arbitrary and imprecise. We
expect it to be similar to the effective radius reff enclosing half of
the galaxy’s stellar mass. In practice, however, we infer it from
the morphology of the galaxy’s entropy profile (see §4).
Black Hole Feedback Valve 7
0.1 1.0 10.0 100.0
10-4
10-3
10-2
10-1
100
r (kpc)
n e
 (c
m
-3
)
rb
    
 
 
 
 
 
v = 240 km s-1
0.1 1.0 10.0 100.0
10-4
10-3
10-2
10-1
100
r (kpc)
n e
 (c
m
-3
)
rb
    
 
 
 
 
 
v = 240 km s-1
fb ρM
0.04 fb ρM
fb ρM0.13 fb ρM
ne,eq ∝ r −1
ne,out ∝ r −1
ne,eq ∝ r −1
n
e,cf ∝ r −3/2
Low CGM pressure: 
SN-heated outflow 
adds mass to CGM
High CGM pressure: 
inner cooling flow 
fuels AGN feedback
addition of 
mass raises 
CGM pressure
AGN heating 
expands CGM 
and lowers its 
pressure
Figure 2. Schematic relationship between the flow pattern of ejected stellar gas and the boundary pressure around a galaxy with the
critical velocity dispersion σv ≈ 240 km s−1. In the left panel, the CGM electron density (thick dashed tan line) at the boundary radius rb
is 4% of the cosmological expectation (thick solid tan line). Consequently, the electron density and pressure at rb are lower than the level
at which radiative cooling would equal stellar heating (ne,eq, thin violet line). Stellar heating therefore drives an outflow with a density
profile (ne,out, thick green line) that does not cross into the shaded region where cooling exceeds heating. However, the outflow adds gas
to the CGM and raises its pressure, leading to the situation in the right panel. There, the electron density at rb is 13% of the cosmological
expectation. Radiative cooling therefore exceeds stellar heating at rb, causing an inflow (ne,cf , thick blue line) that fuels AGN feedback.
If thermalization of the resulting feedback energy in the CGM can add an amount of heat comparable to the binding energy of the CGM,
then the CGM will expand and its pressure will decrease. A feedback mechanism with these properties tunes the pressure of the galaxy’s
CGM to keep the electron density profile within the galaxy close to ne,eq.
heating-cooling balance. Whether or not the region in-
side of rb lies either entirely above or entirely below the
critical profile Peq(r) depends directly on the boundary
pressure (see Figure 2). AGN feedback in a galaxy like
this can shut off a galaxy-wide cooling flow simply by
heating and lifting its CGM until P (rb) < Peq. After
that happens, the shutdown of the cooling flow may not
be permanent, because ejected stellar mass swept out
of the galaxy continues to accumulate in the CGM. Un-
less a non-stellar energy source continually heats, strips,
or lifts the accumulating gas, the CGM pressure will
gradually increase until P (rb) > Peq, at which time the
resulting cooling flow needs to trigger another feedback
episode that lowers Pb.
2.6. The Valve
The mechanism depicted in Figure 2 closely links the
strength of AGN feedback with the confining CGM pres-
sure. It is essentially a switch that turns on a cen-
tral cooling flow when the CGM pressure is high and
turns the cooling flow off when the CGM pressure is
low. The onset of a cooling flow presumably triggers
AGN feedback, but the feedback response does not nec-
essarily need to limit cooling by heating gas at small
radii. Instead, it can limit cooling at small radii by low-
ering the CGM pressure, which allows the ambient gas
at 1–10 kpc to expand, temporarily making local stellar
heating more competitive with local radiative cooling.
AGN feedback in a galaxy with this feature will tend to
drive the boundary pressure toward the locus of heat-
ing/cooling equality, so that Pb ∼ Peq(rb).
In galaxies with σv & 240 km s−1 this regulation mech-
anism becomes more like an adjustable valve than a
switch. Figure 3 shows how the valve works. An out-
flow driven by stellar heating in a galaxy with this larger
velocity dispersion has a density profile (ne,out) that
is steeper than the locus of heating/cooling equality
(ne,eq). Those profiles intersect at a particular radius
(req). Inside of that radius is a cooling flow and out-
side of it is an outflow driven by stellar heating. The
mass inflow rate of the cooling flow (M˙cf) is equivalent
to the combined stellar mass loss rate of all the stars
within req, which is determined by the confining CGM
pressure. Therefore, the time-averaged rate at which the
galaxy supplies gas to its central black hole is a contin-
uous function of the CGM pressure, with greater CGM
pressure resulting in a greater fueling rate. The outcome
is a mechanism capable of tuning itself so that kinetic
AGN feedback regulates the confining CGM pressure to
remain near a time-averaged level consistent with the
required AGN fueling rate.
The mechanism requires kinetic energy output from
the AGN to offset three different effects that act to in-
crease CGM pressure:
1. CGM Cooling. Radiative losses from the CGM
around isolated galaxies with σv & 240 km s−1 are
8 Voit et al.
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Figure 3. Schematic illustration of the black-hole feedback valve in a galaxy with σv ≈ 300 km s−1. All figure elements in common
with Figure 2 have the same meanings. However, the density profile of this galaxy’s outflow (ne,out) intersects the locus of heating/cooling
equality (ne,eq) at a radius req determined by the boundary pressure. In the left panel, the boundary pressure is 1% of the cosmological
expectation, casuing req to be at 1 kpc. Inside of that radius, a cooling flow carries ejected stellar gas inward (blue arrowhead). Outside
of that radius, stellar heating causes an outflow that transports ejected stellar gas into the CGM (green arrowhead). In the right panel,
the CGM pressure has increased to 4% of the cosmological expectation, and the radius of equality has moved outward to 10 kpc, causing
the inward mass flow rate to increase and to fuel stronger AGN feedback. One expects AGN feedback in such a galaxy to adjust the CGM
pressure so that expansion of the CGM by thermalization of feedback energy offsets the increases in CGM mass that would otherwise come
from cosmological accretion and outflows of ejected stellar gas.
typically 1041 erg s−1 . LX . 1042 erg s−1. The
time-averaged energy supply from the AGN must
be at least this large in order to prevent CGM pres-
sure from increasing because of a gradual decline
in entropy and a gradual increase in density.
2. Stellar Gas Ejection. As mentioned in §2.5, su-
pernova heating alone cannot unbind ejected stel-
lar gas from the dark-matter halo around a galaxy
with σv & 240 km s−1. Continual lifting to large
altitude therefore requires an additional power in-
put ∼ 4.6M∗v2c/t∗ from the AGN,5 corresponding
to ∼ 1041.5 erg s−1 (M∗/1011.3M)σ2240.
3. Cosmological Gas Accretion. The time-
averaged cosmological infall rate of gas into the
CGM is ∼ fbMhaloH0, which substantially exceeds
the mass input from stars. Lifting of that CGM
gas within the halo’s gravitational potential6 re-
quires the AGN to supply a time-averaged power
∼ 1043 erg s−1 (Mhalo/1013M)σ2240.
5 The factor of 4.6 approximates the work required to lift gas
in an isothermal potential to ∼ 100 times its original altitude,
or equivalently, the work required to unbind gas originally at the
bottom of an NFW potential well.
6 Heating that adds a specific energy σ2v to CGM gas in an
isothermal potential without changing the slope of its entropy pro-
file lifts nearly hydrostatic gas by a factor of e1/2 ≈ 1.6 in radius
and lowers its density by a factor ∼ 5.
The most demanding job for AGN feedback in this halo
mass range is therefore to lift the CGM gas that accu-
mulates through cosmological accretion.
Integrated over cosmic time, the total amount of en-
ergy required to alleviate the galaxy’s boundary pres-
sure by continually lifting accreting CGM gas is ∼
fbMhaloσ
2
v , equal to ∼ 1060.3 erg (Mhalo/1013M)σ2240.
During the same time period, the central black hole
grows to have a rest-mass energy ∼ (1063 erg)σ4.4240,
based on observations indicating that MBH ≈ (7 ×
108M)σ4.4240 (Kormendy & Ho 2013). Tapping less than
1% of the central black hole’s rest-mass energy as it
grows therefore suffices to lift the CGM (see also §5.5).
2.7. Multiphase Circulation
Star formation in a galaxy resembling the left panel
of Figure 3 is effectively quenched, because the outflow
that carries away stellar ejecta remains homogeneous
and the inner cooling flow produces less than 1M yr−1
of condensed gas. However, outflows from galaxies with
σv . 240 km s−1 are unlikely to be stable to multi-
phase condensation. Figure 4 illustrates the problem. A
heated outflow of stellar ejecta through a shallow poten-
tial well tends to have a density slope that is shallower
than ne,eq and therefore passes from a locally heating-
dominated state to a locally cooling-dominated state at
req. An entropy inversion then develops outside of req
on a timescale ∼ tcool(req). That inversion is unsta-
ble to convection, which allows low-entropy gas to con-
dense out of the outflow and to rain back toward the
Black Hole Feedback Valve 9
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Figure 4. Schematic illustration showing why supernova-heated outflows in galaxies with σv ≈ 200 km s−1 are susceptible to multiphase
circulation. All figure elements in common with Figure 3 have the same meanings. The boundary pressure no longer uniquely determines
the flow pattern at smaller radii, because the slope of ne,out is shallower than the slope of ne,eq. Both steady outflow and steady inflow
solutions are possible within req, as indicated by placement of both blue and green arrowheads at smaller radii than req. However, neither
flow can remain homogeneous. Stellar heating can power an outflow that begins with ne < ne,eq at small radii (green line), but the density
profile of outflowing gas eventually intersects ne,eq at req. Beyond that point radiative cooling will cause the entropy of the outflow to
drop, producing an entropy inversion that is unstable to convection. Multiphase condensation should therefore occur near req, causing cold
clouds to rain inward through the hot outflow. On the other branch (blue line), the tcool/tff ratio of a steady cooling flow declines as the
gas moves inward, eventually falling to a point at which multiphase condensation ensues. For reference, the upper dotted magenta line in
the right panel indicates tcool/tff = 1 for kT = µmpv
2
c and the lower one indicates tcool/tff = 20 at the same temperature.
galaxy’s center. Multiphase circulation therefore devel-
ops and can resupply the galaxy with cold clouds capable
of forming stars.
More generally, the ability of a galactic atmosphere
to remain homogeneous depends heavily on its ambi-
ent tcool/tff ratio (e.g., Hoyle 1953; Nulsen 1986; Bal-
bus & Soker 1989; Binney et al. 2009; McCourt et al.
2012; Sharma et al. 2012b; Thompson et al. 2016; Voit
et al. 2017; Choudhury & Sharma 2016; Choudhury
et al. 2019). In the conventional definition of this ra-
tio, the cooling time is tcool ≡ 3P/2nenpΛ(T ), where
Λ(T ) is the usual radiative cooling function, and the
freefall time is tff ≡ (2r/g)1/2, where g is the local
gravitational acceleration. A static, thermally balanced
medium can in principle be stable to multiphase con-
densation if tcool/tff & 1, because buoyancy effects en-
abled by entropy stratification suppress condensation
(Cowie et al. 1980; Nulsen 1986; Binney et al. 2009; Mc-
Court et al. 2012). In practice, however, media with
1 . tcool/tff . 10 remain highly susceptible to multi-
phase condensation, because subsonic disturbances can
interfere with the condensation-damping effects of buoy-
ancy (Sharma et al. 2012b; Gaspari et al. 2013; Voit et al.
2017), particularly if those disturbances flatten or invert
the entropy gradients that are responsible for buoyancy
(McNamara et al. 2016; Voit et al. 2017; Choudhury
et al. 2019).
The result is a pervasive upper limit on the pres-
sure and density of ambient gas corresponding to
min(tcool/tff) ≈ 10, which we will call the precipita-
tion limit (Sharma et al. 2012a; Voit et al. 2015b, 2018,
2019; Hogan et al. 2017; Babyk et al. 2018; Voit 2019).
Galactic atmospheres tend to have tcool/tff & 10 because
ambient gas with a shorter cooling time cannot persist
indefinitely without forming condensates that fuel feed-
back. As the cooling time rises, so that tcool/tff grows
from ∼ 10 to ∼ 20, increasingly large hydrodynamical
disruptions are required to offset the buoyancy effects
that suppress multiphase condensation (Voit et al. 2017;
Voit 2018). And if tcool/tff & 20, then multiphase con-
densation cannot occur without either large entropy
perturbations (Choudhury et al. 2019), strong magnetic
fields (Ji et al. 2018), or enough rotational support to
offset the stabilizing effects of buoyancy (Gaspari et al.
2015; Sobacchi & Sormani 2019; Sormani & Sobacchi
2019). A subsonic outflow is therefore likely to remain
stable to multiphase condensation if it has: (1) an en-
tropy gradient with αK & 2/3, (2) tcool/tff & 20 at
all radii, and (3) a lack of large entropy perturbations,
strong magnetic fields, or significant rotational support.
The right panel of Figure 4 shows how ne,eq relates to
tcool/tff in a galaxy with σv ≈ 200 km s−1. A green line
shows the outflow solution (ne,out) obtained by requir-
ing heating to equal cooling at 10 kpc. As the outflow
approaches that radius, it is already at tcool/tff < 20 and
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is approaching tcool/tff ≈ 10. One therefore expects the
outflow to become unstable to multiphase condensation
in the neighborhood of req. In other words, star forma-
tion in lower-mass galaxies is more difficult to quench
with feedback, because the outflows that feedback gen-
erates tend to destabilize the CGM. Similarly, a cooling
flow starting at req becomes increasingly susceptible to
multiphase condensation as it moves inward because its
density slope (ne,cf ∝ r−1.5) is steeper than the lines
indicating constant tcool/tff . The ambient tcool/tff ratio
therefore decreases as the flow moves inward, and the
flow cannot remain homogeneous within the radius at
which tcool ≈ tff .
2.8. Jet Propagation
In order for the black-hole feedback valve to oper-
ate as described, most of the AGN feedback energy
produced over cosmic time needs to be thermalized at
radii larger than where most of the galaxy’s stars re-
side. Morphological observations of strong radio jets in-
dicate that they can indeed propagate as narrow streams
beyond most of the stars. For example, NGC 4261
(represented by purple stars in Figure 1) has radio jets
that are narrow out to r > 10 kpc and terminate in
lobes at r ∼ 25–45 kpc, consistent with a power out-
put > 1043 erg s−1(O’Sullivan et al. 2011). Meanwhile,
that galaxy’s profiles of gas density, temperature, and
entropy at r < 10 kpc remain nearly identical to those
of the other galaxies with σv ∼ 300 km s−1, even though
its jets are unusually powerful.
Propagation to such a distance requires the momen-
tum flux in the jets to be at least as great as the ambient
pressure, which is ∼ 10−11 erg cm−3 at ∼ 10 kpc in NGC
4261 (O’Sullivan et al. 2011). For comparison, the rel-
ativistic momentum flux corresponding to a jet power
E˙42 × 1042 erg s−1 is
3× 10−12 erg cm−3
Ωjets
(
E˙42
100
)(
r
10 kpc
)−2
, (19)
where Ωjets is the solid angle in steradians that the
jets subtend at radius r. Observations indicate that
the jet opening angle at ∼ 10 kpc in NGC 4261 is
∼ 12◦(Nakahara et al. 2018), implying that the com-
bined solid angle of both jets is ∼ 0.3 steradians and
that a jet power & 1044 erg s−1 is needed to drill through
the gas at r < 10 kpc.
Jet power in the other galaxies shown in Figure 1 is
far smaller, typically ∼ 1041–1042 erg s−1 (Werner et al.
2014). Equation (19) implies that those jets are cur-
rently incapable of propagating at relativistic speeds to
distances & 10 kpc unless they are extremely narrow,
and their observed morphologies indicate that they do
not extend to & 10 kpc as narrowly collimated outflows.
Instead, the jets thermalize their kinetic energy and in-
flate bubbles at smaller radii as they decelerate, some-
times driving shocks that propagate into the supernova-
heated outflow. According to V15, those shocks should
be relatively weak, each imparting an entropy jump
∆Kjets ∼ (2.8 keV cm2) E˙2/342 Λ4/33e−23 σ−4240 , (20)
with Λ3e−23 ≡ Λ/(3×10−23 erg cm3 s−1), as they propa-
gate through an atmosphere near the precipitation limit.
Shocks driven by ∼ 1042 erg s−1 of power become sub-
sonic at ∼ 10 kpc. Beyond that radius the hot bubbles
that drove the shocks are expected to buoyantly rise and
eventually to mix with the ambient medium, thermaliz-
ing much of the original AGN power at greater altitudes
(e.g., Churazov et al. 2001; Bˆırzan et al. 2004; Voit &
Donahue 2005). As a result, AGN feedback in mas-
sive elliptical galaxies does not substantially alter the
entropy profile slope established within . 10 kpc by a
supernova-heated outflow, except at . 1 kpc, where the
observed core entropy is comparable to ∆Kjets (see V15
and §4).
3. STEADY FLOW SOLUTIONS
Section 2 considered two energy sources with the po-
tential to offset radiative cooling and limit star forma-
tion. SNIa heating is relatively steady and has a known
spatial distribution but energetically is not capable of
pushing ejected stellar gas all the way out of the galaxy’s
potential well. AGN feedback, on the other hand, can
provide enough energy to push away all of the gas asso-
ciated with a massive galaxy but is intermittent in time,
with a poorly known spatial distribution. This section
therefore considers the steady flow patterns produced
by SNIa heating alone. Section 4 then follows up by
attempting to infer the contributions of AGN feedback
from the observed discrepancies between the steady flow
solutions and observations of the atmospheres of real
galaxies.
The fluid equations for steady one-dimensional radial
flow are:
1
r2
d
dr
(ρvrr
2) = ρ˙(r) (21)
1
r2
d
dr
(ρv2rr
2) = −dP
dr
− ρdφ
dr
(22)
1
r2
d
dr
(ρvrr
2) = H(r) + ρ˙(r)φ(r) . (23)
In a galactic environment, ρ˙(r) = ρ∗(r)/t∗ is a source
term for stellar mass loss, and H(r) is the net stellar
heating rate per unit volume. The standard integration
method for steady galactic flows is to choose a stagna-
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tion radius (r0) and integrate away from it in both direc-
tions, iteratively seeking a solution that passes smoothly
through a cooling-flow sonic point at small radii (e.g.,
David et al. 1987; Tabor & Binney 1993). Physically, the
steady-state flow configuration and its stagnation radius
are determined by the CGM boundary pressure, along
with an implicit assumption that some mechanism other
than stellar heating keeps the pressure at rb constant by
removing the gas that flows to greater radii.
Figure 5 illustrates how steady flow solutions without
AGN heating7 depend on a galaxy’s central stellar ve-
locity dispersion σv. A teal line in each panel shows the
entropy profile corresponding to a steady flow solution
determined by only two parameters: σv and either r0 or
the boundary pressure Pb(rb). The figure shows steady
flow solutions with tcool ∼ 1 Gyr at 10 kpc because X-
ray observations of massive elliptical galaxies typically
indicate tcool ∼ 0.5 to ∼ 2 Gyr at 10 kpc (Lakhchaura
et al. 2018). In the four panels representing galaxies
with σv ≥ 230 km s−1, the steady solution shown con-
sists of a cooling flow inside of r0 and a supernova heated
outflow outside of r0. A kink near req indicates the loca-
tion of the stagnant region, and the local entropy min-
imum in that region is at r0. Inside of r0, the steady
flow solutions in those four panels resemble pure cooling
flows since they have K ∝ r, as appropriate for a steady
cooling flow in an isothermal potential. At larger radii
(r > r0), the steady flow solutions resemble supernova
heated outflow solutions, with αK close to the prediction
from equation (6), meaning that the outflow’s entropy
slope increases as σv increases.
In galaxies with σv . 240 km s−1, the steady outflow
solutions develop unsustainable entropy inversions after
passing from the heating dominated region of the r–K
plane into the cooling dominated region. As expected
from the analysis of §2, the outflow solutions for those
galaxies have entropy slopes too shallow to remain in
the heating dominated region. After the outflow solu-
tion enters the cooling dominated region, its entropy
profile starts to decline, implying that the flow has be-
come unstable to convection. As the entropy continues
to decline with radius, the flow encounters the solid ma-
genta line marking tcool/tff ≈ 10. Near that point, the
flow should become unstable to multiphase condensa-
tion, enabling low-entropy gas blobs to precipitate out
of the flow and to start sinking inwards. In galaxies
with these properties, outflows driven by stellar heating
7 Adding an amount of AGN heating comparable to stellar heat-
ing and with a similar spatial distribution would tend to decrease
the outflow’s entropy slope αK .
therefore drive multiphase circulation instead of homo-
geneously expelling the gas being shed by stars.
The remainder of this section interprets the solutions
illustrated in Figure 5 in more detail. First, it outlines
the galaxy model used to specify the gravitational po-
tential and the source terms for mass and energy input,
which depend only on σv. Then, it discusses each panel
of the figure. Readers more interested in comparisons
with observations may wish to skip to §4.
3.1. Generic Galaxy Model
The generic galaxy model used in the steady flow in-
tegrations assumes that the galaxy’s halo has an NFW
density profile, ρM ∝ (r/rs)−1(1+r/rs)−2, with a maxi-
mum circular velocity vc,max =
√
2σv and a scale radius
rs = 0.1r200, where r200 is the radius encompassing a
mean mass density 200 times the cosmological critical
density. It also assumes that the distribution of stellar
mass density follows a modified Einasto profile with
d ln ρ∗
d ln r
= −2
(
r
r−2
)1/nE
(24)
for r ≥ r−2 and ρ∗(r) ∝ r−2 for r < r−2. The index
describing the outer stellar envelope is set to nE = 4,
the stellar mass density profile is normalized so that
ρ∗(r−2) = σ2v/2piGr
2, and its scale radius r−2 is deter-
mined by setting the 2-D effective radius of the galaxy
equal to 0.015r200, in approximate agreement with the
mean relation observed among galaxies (Kravtsov 2013).
This prescription results in an overall potential well with
a circular velocity that is nearly constant with radius,
remaining within 10% of vc =
√
2σv out to 0.75 r200, in
alignment with the assumptions of §2. However, compa-
rable galaxies at the centers of higher-mass groups and
clusters sit in potentials with greater maximum circu-
lar velocity. Alleviating the boundary pressure around
those galaxies by lifting the CGM therefore requires sub-
stantially more AGN feedback energy (see §5.4).
3.2. Description of Solutions
3.2.1. σv = 300 km s−1
The most massive generic galaxy shown in Figure 5
has a velocity dispersion σv = 300 km s
−1. Its total stel-
lar mass is 1011.8M, and its total mass within r200
is M200 ≈ 1013.2M. In this potential well, stellar
heating alone cannot push ejected stellar gas beyond
rmax ≈ 70 kpc. The steady flow solution depicted for
this galaxy is determined by the boundary condition
r0 = 2.5 kpc, so that req ≈ 1 kpc, in alignment with
Figure 1. Gas between req and r0 is experiencing net
heating but is flowing inward because it rests upon a
cooling flow that is moving inward. The cooling flow
12 Voit et al.
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Figure 5. Entropy profiles of representative steady flow solutions for generic massive galaxies. In each panel, a teal line (labeled Ksteady
in the central panel) shows a particular steady flow solution for a galaxy with the central stellar velocity dispersion (σv) given in the label.
A thick blue line (Kcf) shows the entropy slope expected for a pure cooling flow. A thick green line (Kout) shows the entropy slope expected
for an outflow driven by SNIa heating. A thick solid tan line (Kcosmo) shows the entropy profile produced around the galaxy by pure
cosmological structure formation. A thick dashed tan line shows the same profile displaced upward in entropy so that it is continuous with
Kout. A thin violet line shows the entropy level Keq at which radiative cooling would balance SNIa heating. Cooling exceeds SNIa heating
in the blue region below the violet line. A thin solid magenta line shows the precipitation limit at tcool/tff ≈ 10. A thin dotted magenta
line shows tcool/tff ≈ 20. The pink region between those lines corresponds to intermediate values of tcool/tff that may be susceptible to
multiphase condensation. Thin horizontal gray lines indicate where tcool = 100 Myr, 1 Gyr, and 10 Gyr, as labelled. A thick purple line
from 0.04–4 kpc in each panel shows the entropy jump (∆K42) that a spherical shock driven by a 1042 erg s−1 outflow would produce in
a medium at the precipitation limit. Vertical black dotted lines in each of the upper two panels show the maximum radius rmax to which
stellar heating can drive ejected stellar gas.
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rate reaches M˙cf ≈ 0.5M yr−1 at small radii, because
the stellar mass within r0 is 10
11M and the specific
stellar mass loss rate is (200 Gyr)−1. The figure shows
that the entropy slope of the inner cooling flow is nearly
identical to the K ∝ r expectation (thick blue line) for
a cooling flow in an isothermal potential.
Outside of r0, equation (6) predicts an entropy slope
αK = 1.1, shown by the thick green line, and the steady
outflow solution there has a similar slope. It there-
fore climbs progressively higher into the heating dom-
inated region as it moves outward, reaching a cooling
time ∼ 2 Gyr at rb = 10 kpc, where its pressure is
Pb ≈ 3 × 10−12 erg cm−3. Beyond rb, the thick dashed
tan line shows a continuation of K(r) with a cosmolog-
ical entropy slope K ∝ r1.1 and a normalization ∼ 20
times the entropy profile expected from pure cosmolog-
ical structure formation (thick tan line). This steady
flow solution therefore requires AGN feedback or some
other mechanism to reduce the CGM pressure at rb by
a factor ∼ 10−2 (because P ∝ K−3/2 at a given T ).
3.2.2. σv = 280 km s−1
The second most massive galaxy shown in Figure 5
has a velocity dispersion σv = 280 km s
−1, a total stellar
mass of 1011.7M, and M200 ≈ 1013.1M. A boundary
condition r0 = 2 kpc determines the steady flow solution
in the figure. Stellar heating cannot push ejected stellar
gas beyond rmax ≈ 90 kpc, and the inner cooling flow
rate reaches M˙cf ≈ 0.4M yr−1.
Again, the entropy slope of the outflow beyond r0 is
similar to the prediction of equation (6), which in this
case is αK = 0.9. This slope is steep enough to remain
in the heating dominated region of the r–K plane out
to tens of kiloparsecs. The flow’s cooling time increases
through ∼ 2 Gyr at rb = 10 kpc, where its pressure is
Pb ≈ 3 × 10−12 erg cm−3. As in the σv = 300 km s−1
case, the CGM pressure at rb must be reduced by a
factor ∼ 10−2 below its cosmological value in order for
the solution to be valid.
3.2.3. σv = 240 km s−1
The galaxy with a critical velocity dispersion (σv =
240 km s−1) has a total stellar mass of 1011.53M and
M200 ≈ 1012.89M. Setting r0 = 1.5 kpc determines
the steady flow solution shown. Stellar heating cannot
push ejected stellar gas beyond rmax ≈ 160 kpc, and the
inner cooling flow rate reaches M˙cf ≈ 0.2M yr−1. Just
beyond r0, the unique requirements of a steady state
solution cause the entropy profile to climb steeply out
to ∼ 2 kpc, but the outflow solution from 2 to 10 kpc
has a slope similar to the prediction αK = 2/3 from
equation (6). In order for this solution to be valid, the
CGM pressure at rb must be reduced by a factor ∼ 10−2
below its cosmological value.
Beyond 10 kpc, something interesting happens. The
steady outflow solution crosses back into the cooling
dominated region of the r–K plane. Its entropy slope
therefore becomes progressively shallower until it starts
to decline. The resulting entropy inversion is unstable
to convection, meaning that a steady homogeneous out-
flow cannot be sustained. Lower entropy gas at larger
radii cannot be hydrostatically supported and becomes
unstable to multiphase condensation. Multiphase circu-
lation near rb consisting of low-entropy gas clouds de-
scending through a higher-entropy outflow is therefore
an inevitable outcome.
3.2.4. σv = 230 km s−1
One more step down in σv results in a solution with
a more pronounced entropy inversion. This galaxy has
a total stellar mass of 1011.45M and a total halo mass
M200 ≈ 1012.83M. The steady flow solution shown has
r0 = 1 kpc. Stellar heating cannot push ejected stel-
lar gas beyond rmax ≈ 200 kpc, and the inner cooling
flow rate reaches M˙cf ≈ 0.1M yr−1. Between 1.5 and
10 kpc, the outflow solution has a slope similar to the
prediction αK = 0.6 from equation (6), but it flattens
and inverts after passing into the cooling dominated re-
gion. The entropy profile of the outflow solution then
plunges steeply, as the cooling time becomes shorter
than the flow time. In the context of the formal solution,
the entropy drop leads to a large increase in the density
of smooth outflow. Physically, the outflow becomes con-
vectively unstable, fragmenting into cold, dense clouds
that then sink inward. In other words, multiphase cir-
culation is inevitable.
3.2.5. σv = 220 km s−1
Going down to σv = 220 km s
−1 yields a steady-state
solution without an inner cooling flow. The galaxy in
this panel has a total stellar mass of 1011.41M and a
total halo mass M200 ≈ 1012.77M. In this potential
well, stellar heating is capable of pushing ejected stellar
gas out to rmax ≈ 260 kpc in the absence of radiative
cooling, but not if the CGM pressure is significant. Un-
like the other steady solutions in Figure 5, this one has
no stagnation point or inner cooling flow. The difficulty
is that the characteristic entropy slope of the heated
outflow (αK ≈ 0.55) is significantly smaller than the
slope of the boundary between the heating-dominated
and cooling-dominated regions of the r–K plane. The
most natural steady flows are therefore heated outflows
at small radii that change into cooling outflows after
crossing that boundary. Out to ∼ 10 kpc, the out-
flow solution shown has a slope similar to the predic-
14 Voit et al.
tion αK = 0.55 from equation (6), before it flattens and
inverts beyond 10 kpc. At rb = 20 kpc, the boundary
pressure is Pb = 8.5× 10−13 erg cm−3, about 0.02 times
the expected cosmological CGM pressure at that radius.
With this boundary condition, the steady outflow so-
lution has tcool ≈ 1.5 Gyr at 10 kpc and crosses the
locus of heating-cooling equality at req ≈ 14 kpc. Be-
yond that point, radiative cooling flattens and inverts
the entropy profile, preventing the outflow from going
beyond 40 kpc. Multiphase circulation within that ra-
dius is therefore unavoidable.
4. COMPARISONS WITH X-RAY OBSERVATIONS
This section compares X-ray observations of massive
elliptical galaxies with the estimates of §2 and some
steady flow solutions similar to those in §3, in order
to assess the validity of the overall model and to evalu-
ate how AGN feedback alters the steady flows that stel-
lar mass loss would otherwise produce. The following
subsection summarizes the general trends, and the next
one comments on comparisons with individual galaxies.
Readers more interested in the model’s implications for
quenching of star formation may wish to skip to §5.
4.1. General Trends
Our comparison sample of massive elliptical galaxies
consists of the same 10 galaxies from Werner et al. (2012,
2014) analyzed by V15. Five have extended multiphase
gas beyond 1 kpc, and the other five are single phase
outside of 1 kpc.
4.1.1. Single Phase Ellipticals
Figure 6 shows that the entropy profiles of the five
single-phase galaxies, which all have σv > 260 km s
−1,
are consistent with steady state outflow solutions hav-
ing req ≈ 1 kpc and extending out to & 10 kpc. The
observed entropy slopes in this radial interval agree well
with the predictions of equation (6), supporting the hy-
pothesis that supernova sweeping is the primary mecha-
nism for pushing ejected stellar gas out of these galaxies.
Section 3 shows that the CGM pressure must be reduced
to ∼ 1% of the cosmological value in order for supernova
sweeping to succeed, and the observed profiles at ∼ 10
to 100 kpc are consistent with that requirement.
Inside of 1 kpc, the entropy profiles of all but one of
the single-phase ellipticals are inconsistent with a pure
central cooling flow for two reasons. First, they are flat-
ter than the K ∝ r profile expected of pure cooling flows
in these potential wells. Second, they remain in the re-
gion of the r–K plane in which stellar heating exceeds
radiative cooling. This configuration cannot persist in-
definitely without AGN energy input, because the stel-
lar source terms in regions where the pressure gradient
is shallow favor a buildup of gas density over steady ex-
pansion. The ejected stellar gas within 1 kpc is therefore
trapped, meaning that its pressure and density are des-
tined to increase and will eventually initiate a central
cooling flow unless the AGN can lift the overlying gas
and relieve the pressure.
Intermittent bursts of kinetic AGN feedback with a
power ∼ 1042 erg s−1 can lift the ejected stellar gas and
also will drive shocks capable of producing the observed
central entropy plateaus (see also V15). Thick horizon-
tal purple lines in Figures 5 and 6 show the entropy jump
∆K42 predicted by equation (20) for a shock propagat-
ing through ambient gas at the precipitation limit and
driven by 1042 erg s−1 of feedback. The observed en-
tropy flattening is in the vicinity of those lines. The
fifth single-phase elliptical, NGC 4261, exhibits no sig-
nificant central entropy flattening and is consistent with
a pure cooling flow at ∼ 0.2 to 1 kpc.
Accretion of hot gas onto the central black hole at
the standard Bondi rate (Bondi 1952) is able to sup-
ply ∼ 1042 erg s−1 of kinetic feedback. The Bondi
accretion rate onto a black hole of mass MBH is
M˙B ≈ 2piG2M2BH(µmp)5/2(5K0/3)−3/2 in an atmo-
sphere of constant entropy K0 (V15). Observations
indicating K0 ≈ 2 keV cm2 at . 0.5 kpc therefore imply
M˙B ≈ 0.005M yr−1
(
MBH
109M
)2
K
−3/2
2 , (25)
where K2 ≡ K0/(2 keV cm2). At this rate, conversion
of ∼ 1% of the accreting rest-mass energy into kinetic
feedback energy is sufficient to produce ∼ 1042 erg s−1.
However, considerably more time-averaged power is re-
quired to lift the CGM.
Occasional episodes of chaotic cold accretion can pro-
vide the power needed to lift the CGM when the ambient
central pressure becomes large enough to lower the cen-
tral cooling time to tcool ≈ 10tff . Those episodes tend
to boost accretion by a factor as great as ∼ 102 over
the ambient Bondi accretion rate (Gaspari et al. 2013),
raising the kinetic feedback power to ∼ 1044 erg s−1, as-
suming a ∼ 1% conversion efficiency. They are ulti-
mately limited by the maximum cooling flow rate within
∼ 1 kpc, which is ∼ 0.5M yr−1 in all of these galax-
ies. NGC 4261 appears to be a galaxy that is cur-
rently experiencing chaotic cold accretion, because it
has tcool/tff . 10 at . 0.5 kpc, a multiphase medium
at . 100 pc that includes a cold gaseous disk, and is
producing ∼ 1044 erg s−1 of kinetic feedback power.
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Figure 6. Comparisons of model predictions with data. Symbols represent entropy profile data from Werner et al. (2012, 2014). Thin
dashed and dot-dashed lines represent entropy profile data from other sources described in §4. All other figure elements represent the same
quantities as in Figure 5. The left column presents the massive ellipticals without multiphase gas beyond ∼ 1 kpc. The right column
presents massive ellipticals that do have extended multiphase gas. Within each column, the galaxies are arranged in order of descending
stellar velocity dispersion. All of the galaxies with σv > 260 km−1 have entropy profiles that rise from ∼ 1 to ∼ 5 kpc more steeply than
the precipitation limit, with slopes in general agreement with equation (6), implying that stellar heating is driving outflows from those
galaxies. All of the galaxies with σv < 240 km−1 have entropy profiles beyond ∼ 1 kpc that track the precipitation limit at tcool/tff ≈ 10
and remain below Keq, implying that radiative cooling exceeds stellar heating.
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4.1.2. Multiphase Ellipticals
The four multiphase galaxies with σv < 240 km s
−1
are inconsistent with homogeneous steady flow solu-
tions. Instead, they track the precipitation limit at
tcool/tff ≈ 10 (see also Voit et al. 2015). This re-
sult is consistent with the finding of §3 that galaxies
with σv . 240 km s−1 are prone to multiphase circula-
tion and precipitation. The confining CGM pressure at
10–20 kiloparsecs is 3–7% of the cosmological expecta-
tion, several times greater than the confining pressure
around the single phase galaxies. Three of the four
exhibit entropy profile flattening at . 1 kpc near the
level expected from intermittent AGN feedback with a
kinetic power ∼ 1042 erg s−1. The fourth (NGC 4636)
is consistent with a pure cooling flow from ∼ 0.5 to
∼ 3 kpc, but its entropy profile is flatter than K ∝ r
inside of 0.5 kpc. The remaining multiphase ellipti-
cal (NGC 6868, σv = 252 km s
−1), is sparsely sampled
but appears to be intermediate between the supernova
sweeping and precipitation limited cases.
Comparing stellar heating with radiative cooling in
the four galaxies with σv < 240 km s
−1 shows that cool-
ing dominates outside of ∼ 1 kpc with increasing signif-
icance toward larger radii. An outflow driven by stel-
lar heating is therefore not plausible. In these galax-
ies, the primary driver of ejected stellar gas out of the
galaxy must be the AGN. Kinetic feedback with a time-
averaged power ∼ 1041.5 erg s−1 is necessary (see §2.6)
and is consistent with the level of central entropy flatten-
ing observed in NGC 5846, NGC 5813, and NGC 5044.
However, the center of NGC 4636 may be trending to-
ward a pure cooling flow state destined to trigger a more
powerful AGN outburst, similar to the one in NGC 4261.
Galaxies like these may be intermittently switching be-
tween Bondi accretion and chaotic cold accretion.
Outflows driven by kinetic feedback in the galaxies
with σv < 240 km s
−1 are unlikely to be uniform and ho-
mogenous, given that tcool/tff ≈ 10 within much of the
galaxy. Nearly adiabatic uplift of such a medium lowers
tcool/tff in the uplifted gas, making making it highly sus-
ceptible to multiphase condensation (Revaz et al. 2008;
Li & Bryan 2014b; McNamara et al. 2016; Voit et al.
2017). Simultaneously, anisotropic AGN energy input
tends to drive convection and turbulence, further desta-
bilizing the medium (Tabor & Binney 1993; Pizzolato
& Soker 2005; Gaspari et al. 2013; Meece et al. 2017;
Voit et al. 2017). Both factors are likely to be respon-
sible for the extended multiphase gas observed in these
galaxies. Yet, their observed star formation rates are
. 0.1M yr−1 (Werner et al. 2014), yielding specific
star formation rates . 10−12 yr−1, making them all for-
mally “quenched.”
4.2. Comments on Individual Galaxies
4.2.1. NGC 1399
The upper left panel of Figure 6 plots observations of
NGC 1399, the central galaxy of the Fornax Cluster, on
an entropy profile graph similar to the ones in Figure 5.
Red symbols show an entropy profile derived from Chan-
dra entropy observations by Werner et al. (2014), and a
red dashed line shows an entropy profile derived from the
density and temperature fits of Paolillo et al. (2002) to
ROSAT data. The steady outflow model shown is spec-
ified by σv = 332 km s
−1 and r0 = 2 kpc and is a good
description of the data from ∼ 0.5 kpc to at least 8 kpc.
At larger radii, the observed K(r) profile becomes shal-
lower than the steady outflow solution, suggesting that
CGM confinement of the outflow begins near ∼ 10 kpc.
We have placed the line marking rb at 6 kpc, where there
is an inflection in the observed entropy profile. Inside
of 0.5 kpc, the entropy profile flattens at ∼ 2 keV cm2,
consistent with AGN shock heating by kinetic outflows
ranging up to a few times 1042 erg s−1.
4.2.2. NGC 4649
In the panel for NGC 4649, the central galaxy of a
Virgo Cluster subgroup, red symbols show an entropy
profile derived by Werner et al. (2014) from Chandra
observations. A red dashed line from 1 to 25 kpc shows
an entropy profile derived from the densities and tem-
peratures observed by Randall et al. (2004), and a dot-
dashed red line from 0.1 to 2 kpc shows the entropy
profile fit of Humphrey et al. (2006). The steady out-
flow model shown is specified by σv = 331 km s
−1 and
r0 = 2 kpc. It is a good description of the data from
∼ 0.5 kpc to > 20 kpc, but the Werner et al. ob-
servations suggest an inflection in the entropy profile
near 6 kpc, where we have placed the rb marker. In-
side of 0.5 kpc, the observed K(r) profile becomes shal-
lower than the outflow solution, flattening slightly below
2 keV cm2, consistent with intermittent shock heating by
AGN kinetic outflows with ∼ 1042 erg s−1.
4.2.3. NGC 4261
The case of NGC 4261, a central group galaxy, is
perhaps the most revealing. Red symbols represent
Chandra observations by Werner et al. (2014), and a
dashed red line shows a fit to observations by Humphrey
et al. (2009). From 0.1 to 10 kpc, the data points
are consistent with a steady flow solution determined
by σv = 297 km s
−1 and r0 = 2.5 kpc. Within this
stagnation radius, the inner cooling flow rate reaches
≈ 0.5M yr−1. As the flow moves inward, the ambi-
ent tcool/tff ratio declines, ultimately dropping below
tcool/tff ≈ 10 at r . 0.5 kpc, indicating that the in-
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flow becomes increasingly prone to multiphase conden-
sation (V15). This multiphase inflow presumably sup-
plies gas to the central dusty disk, which has a radius
∼ 100 pc (Jaffe et al. 1996). Accretion of the inflowing
gas onto the central black hole is therefore capable of
providing the current AGN power, assuming a conver-
sion efficiency & 1% from rest mass energy to kinetic
feedback power.
Comparing stellar heating with radiative cooling in
NGC 4261 shows that heating dominates outside of 1
kpc and should therefore drive an outflow at larger radii.
The data are consistent with an outflow driven by stellar
heating having the entropy profile slope predicted by
equation (6) at radii ∼ 2–10 kpc. The energy required
to lift the CGM in the potential well of NGC 4261 is
∼ fbM200σ2v ∼ 1060.7 erg. This amount of energy can
plausibly be supplied by the AGN if its kinetic power
output has been close to the current ∼ 1044 erg s−1 for
several Gyr of its history.
4.2.4. NGC 4472
Observations of NGC 4472, which dominates its own
subgroup of the Virgo cluster, are consistent with a
steady flow solution from ∼ 0.5 kpc to beyond 20 kpc.
Red symbols show data from Werner et al., the dashed
red line shows a fit from Humphrey et al. (2009), and
the teal line represents a steady flow model specified by
σv = 282 km s
−1 and r0 = 2.5 kpc. Within ∼ 0.5 kpc,
the observed entropy profile departs from the steady flow
model, flattening near 2 keV cm2, in the vicinity of the
horizontal purple line indicating the entropy jumps of
intermittent shocks driven by ∼ 1042 erg s−1 of AGN
power. Stellar heating exceeds radiative cooling at all
radii. V15 find min(tcool/tff) ≈ 20, indicating that the
atmosphere in its current configuration does not con-
dense into cold clouds that fuel the central black hole.
Given the observed core entropy level and an observed
black hole mass ≈ 2.5×109M (Kormendy & Ho 2013),
the resulting Bondi accretion rate of hot gas onto the
black hole is∼ 0.05M yr, which yields∼ 1043 erg s−1 of
kinetic power and suggests a conversion efficiency ∼ 1%.
4.2.5. NGC 1407
Red symbols in the panel for NGC 1407, a central
group galaxy, show the Werner et al. observations, and
the dashed red line is based on the fits made by Su et al.
(2014) to their observations. From ∼ 1 to 8 kiloparsecs,
the data generally agree with the steady flow solution
having σv = 266 km s
−1 and r0 = 2 kpc, as well as the
simple power law predicted by equation (6) and shown
by the thick green line. From 10 to 20 kiloparsecs, where
the temperature profile peaks, there is a bump in the
entropy profile. At larger radii, the entropy profile is
more consistent with a cosmological slope K ∝ r1.1 than
with the steady outflow solution, and so we have placed
the rb marker at 10 kpc. Inside of ∼ 1 kpc, flattening of
the entropy profile suggests intermittent shock heating,
although the inner region is not as well resolved as in
some of the other galaxies.
4.2.6. NGC 6868
Blue symbols in the panel for NGC 6868, one of two
large galaxies in the Telescopium group, represent the
three data points from Werner et al. (2014). A teal line
shows a steady flow solution with σv = 252 km s
−1 and
r0 = 2 kpc. The data are sparse but consistent with
the predicted entropy slope (αK = 0.7) from equation
(6). This slope makes the entropy profile of NGC 6868
nearly parallel to the precipitation limit, and it tracks
near tcool/tff ≈ 20 (V15). Jura´nˇova´ et al. (2019) have
recently suggested that rotation makes the gas in this
galaxy especially prone to precipitation.
4.2.7. NGC 5846
The central group galaxy NGC 5846, has σv <
240 km s−1 and the blue symbols representing Werner
et al. (2014) entropy observations are inconsistent with
steady homogenous flow. Instead, they track the precip-
itation limit at tcool/tff ≈ 10 from∼ 1 to& 6 kiloparsecs.
Beyond that point, the the dashed blue line shows the
entropy profile observed by Paggi et al. (2017), which
gradually steepens until it matches the cosmological
slope near 20 kpc, where we have placed the rb marker.
At that radius the CGM pressure is ∼ 3% of the cos-
mological pressure expected without radiative cooling
or feedback. Inside of 1 kpc, the entropy profile ap-
pears to flatten at a level consistent with ∼ 1042 erg s−1
of intermittent kinetic feedback power, but is not well
resolved.
4.2.8. NGC 5813
NGC 5813, the largest galaxy in a subgroup of the
NGC 5846 group, has a velocity dispersion nearly iden-
tical to NGC 5846 and a nearly identical entropy pro-
file, with blue symbols representing Werner et al. (2014)
data and a blue dashed line representing Randall et al.
(2015) data. It tracks the precipitation limit from 1 to
10 kiloparsecs and is inconsistent with steady homoge-
neous flow. Beyond 10 kpc, its entropy profile steepens
to a slope similar to the K ∝ r1.1 slope produced by
cosmological structure formation, but its entropy nor-
malization at 20 kpc is greater by a factor ∼ 9, cor-
responding to a CGM pressure normalization ∼ 3% of
the cosmological expectation. Inside of 1 kpc, the en-
tropy profile becomes flatter than K ∝ r2/3, leveling
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at ∼ 3 keV cm2, again consistent with ∼ 1042 erg s−1 of
intermittent kinetic feedback power.
4.2.9. NGC 5044
The entropy profile of NCG 5044, a central group
galaxy, is similar in many ways to those of NGC 5846
and NGC 5813 but tracks the precipitation limit to even
greater radii, as shown by the blue symbols representing
Werner et al. (2014) observations. A dot-dashed line be-
yond 20 kpc shows a fit to observations by David et al.
(2017), which attains a cosmological (K ∝ r1.1) slope
outside of the rb marker at 25 kpc. Here, the pressure
is ∼ 7% of the cosmological expectation. A dashed blue
line at smaller radii shows a fit to observations by David
et al. (2009). Inside of 1 kpc, the profile levels off near
3 keV cm2, indicating ∼ 1042 erg s−1 of intermittent ki-
netic feedback power.
4.2.10. NGC 4636
NGC 4636 is a central group galaxy with an entropy
profile that tracks the precipitation limit from 0.5 to 10
kiloparsecs. The blue dashed line represents data from
Trinchieri et al. (1994) and is consistent with a cosmolog-
ical slope outside of 10 kpc. The Werner et al. (2014) ob-
servations depicted by blue symbols are in the vicinity of
the precipitation limit from 0.5 to 8 kiloparsecs but are
also consistent with a pure cooling flow between 0.5 and
2 kiloparsecs. At smaller radii, the entropy profile flat-
tens, relative to the the K ∝ r2/3 precipitation-limited
profile, but reaches ∼ 1 keV cm2 inside of 100 pc, con-
siderably below the level expected from ∼ 1042 erg s−1
of intermittent kinetic feedback power. There are sev-
eral possible explanations for this low central entropy
level: (1) time-averaged kinetic AGN power has been
∼ 1041 erg s−1 for the last ∼ 100 Myr, (2) the AGN
power has been highly collimated, as in NGC 4261, and
has penetrated to  1 kpc without dissipating much
power, (3) AGN power has been too weak to balance
cooling for the last ∼ 100 Myr. In this last case, a cool-
ing catastrophe is imminent, as suggested by the entropy
profile between 0.5 and 2 kiloparsecs, and will soon trig-
ger strong feedback episode.
5. IMPLICATIONS FOR QUENCHING
The black-hole feedback valve model presented here
potentially solves some important puzzles in galaxy evo-
lution. For example, AGN feedback is energetically nec-
essary to quench star formation in massive galaxies, but
quenching itself appears to be most closely related to a
galaxy’s central stellar velocity dispersion (Wake et al.
2012; Teimoorinia et al. 2016; Bluck et al. 2016, 2020),
or equivalently, to the surface density of stars within the
central 1 kpc (Bell 2008; Franx et al. 2008; Fang et al.
2013; van Dokkum et al. 2015; Woo et al. 2015; Whitaker
et al. 2017). AGN feedback must somehow be related
to galactic structure, but which way does the arrow of
causality point? Does galactic structure determine the
rate of black-hole growth, or does AGN feedback shape
galactic structure? Also, why is AGN feedback more ef-
fective at quenching star-formation in massive galaxies
than in smaller ones, even though far more energy is
required to offset radiative cooling, alleviate CGM pres-
sure confinement, and prevent accumulation of ejected
stellar gas?
According to the model, AGN feedback is respond-
ing to galactic structure. A galaxy’s ability to remain
quenched for long time periods depends most critically
on the entropy gradient of its ambient gas. A steep
entropy slope (αK > 2/3) strongly inhibits widespread
star formation for two reasons:
1. The corresponding gas density slope is steeper
than ne ∝ r−1, minimizing the local ratio of
stellar heating to radiative cooling at small radii
(. 1 kpc) and allowing local stellar heating to ex-
ceed local radiative cooling at larger radii (≈ 1–
10 kpc).
2. The tcool/tff ratio rises with radius. Multiphase
condensation therefore happens primarily near the
central black hole, where tcool/tff is minimized,
and is suppressed by buoyancy effects at larger
radii.
A fundamentally important consequence is that the cen-
tral stellar mass density of a galaxy should be self-
limiting, because equation (6) predicts that growth in
αK should accompany growth in σv. When σv be-
comes large enough, only the region within ∼ 1 kpc
of the central black hole can persist in a state with
min(tcool/tff) ∼ 10, resulting in episodes of chaotic cold
accretion that intermittently supercharge AGN feedback
while strongly limiting star formation elsewhere.
Figure 6 indicates that present-day elliptical galaxies
with σv > 240 km s
−1 have attained such a state, which
requires AGN feedback to have lowered the confining
CGM pressure by a factor ∼ 102 relative to expecta-
tions from cosmological structure formation. However,
the other galaxies in Figure 6 are also quenched and have
σv = 200 to 237 km s
−1, suggesting that the dependence
of quenching on σv is a continuous transition rather than
a step function at the critical value. Also, the model
predicts that the critical value of σv should be time de-
pendent, because the ratio of SNIa heating to stellar
mass loss does not remain constant with time. The re-
mainder of this section discusses these issues, along with
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some other implications of the black-hole feedback valve
model.
5.1. Maximum Stellar Velocity Dispersion
Equation (6) predicts that cooling and condensation
of ambient gas should become increasingly concentrated
toward the center of a galaxy as its stellar velocity dis-
persion σv increases. The result was derived for quies-
cent stellar populations but has more general applica-
tions. For example, consider an actively star forming
galaxy in which explosions of massive stars (SNII) are
driving an outflow at a rate η times the star formation
rate M˙∗. If star formation results in 1051 erg of super-
nova energy per 100M of star formation, then the spe-
cific thermal energy of a supernova-heated outflow is no
greater than ∗ ≈ 3 η−1 keV/µmp, and possibly much
less if radiative losses are substantial. The critical ve-
locity dispersion at which αK ≈ 2/3 in the outflow is
then no greater than
σv ≈ 300 η−1/2 km s−1 . (26)
Steady supernova-driven flows in galaxies that exceed
this limit are cooling-dominated at small radii and be-
come increasingly focused on the central black hole as
σv rises. Once αK exceeds 2/3, the black-hole feedback
valve described in §2.6 responds by lowering the con-
fining CGM pressure until tcool/tff > 10 outside of the
central kiloparsec.
A galaxy in this state remains quenched indefinitely
because buoyancy prevents multiphase condensation of
the ambient medium, except near the central black hole,
or during eruptions of AGN feedback that lift large
quantities of low-entropy gas to greater altitudes. This
limiting effect of the black-hole feedback valve on σv
should also be present in numerical simulations of galaxy
evolution that implement AGN feedback in the form of
bipolar jets capable of thermalizing their energy in the
CGM after drilling through the ambient medium out to
& 10 kpc. High spatial resolution is necessary, because
the jets need to be much narrower than a kiloparsec at
the base in order to pass through the central few kilo-
parsecs (as in NGC 4261) without completely disrupting
the ambient gas there.
A dramatic demonstration of what happens without
such a feedback mechanism can be found in Keller et al.
(2016). Figure 4 of that paper presents rotation curves
for a set of simulated massive galaxies with efficient
superbubble feedback but no AGN feedback. Those
galaxies fall into two distinct subsets. One has flat
rotation curves with max(vc) < 250 km s
−1, while the
other has rotation curves with a sharp peak at . 1 kpc
at which 450 km s−1 . vc . 700 km s−1. Apparently,
the galaxies with centrally peaked rotation curves ex-
perienced episodes of centrally focused cooling and run-
away star formation after max(vc) exceeded a critical
value between 250 and 450 km s−1 that corresponds to
180 km s−1 . σv . 320 km s−1. If kinetic AGN feed-
back had been enabled in these simulations, centrally fo-
cused cooling would instead have shut down star forma-
tion shortly following the onset of the runaway, thereby
preventing the central stellar velocity dispersion from
greatly exceeding 300 km s−1.
This limiting effect of AGN feedback effect on σv does
indeed show up in cosmological simulations of massive
galaxies by Choi et al. (2018). Without AGN feed-
back, the central concentration of star formation in their
galaxies causes the central stellar mass density to grow
to a level corresponding to σv > 500 km s
−1 by z ≈ 0. In
those same galaxies, implementation of a kinetic AGN
feedback mechanism limits the central stellar mass den-
sity to an equivalent stellar velocity dispersion in the
range 250 km s−1 . σv . 400 km s−1.
Observations of “red nugget” galaxies (e.g., Damjanov
et al. 2009) provide additional support for this limit-
ing mechanism. That population of galaxies became
quenched early in the history of the universe (at z & 2),
with a particularly small size and large stellar mass den-
sity. Forming them required a highly dissipative process
to concentrate much of the star forming gas within a vol-
ume ∼ 1 kpc in radius. Star formation then ceased, pre-
sumably because of an episode of strong AGN feedback,
when the red nugget reached a stellar velocity dispersion
in the range 250 km s−1 . σv . 400 km s−1 (e.g., de la
Rosa et al. 2016), consistent with equation (26). High-
resolution X-ray observations of red nuggets at z > 1 are
currently not feasible, but examples of analogous galax-
ies in the low-redshift universe now have αK > 2/3 and
tcool/tff > 10 (Werner et al. 2018; Buote & Barth 2019),
also as expected from the model.
5.2. Dependence of Quenching on σv
A velocity dispersion σv > 240 km s
−1 appears to be
a sufficient condition for quenching of present-day el-
lipticals through the black-hole feedback valve mech-
anism, but it is not a necessary condition. For ex-
ample, Figure 6 shows several elliptical galaxies with
σv < 240 km s
−1 and specific star-formation rates ∼
10−12 yr−1. The presence of extended multiphase gas
in those galaxies suggests that AGN feedback cannot
completely suppress multiphase condensation but is still
sufficiently well coupled with the CGM to strongly sup-
press star formation. However, the fraction of galaxies
that are quenched is observed to decline with decreasing
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σv, implying that AGN feedback is less well coupled to
the CGM in smaller galaxies.
Analyses of large galaxy samples from the Sloan Dig-
ital Sky Survey (SDSS) show that quenching correlates
more closely with σv than with any other galactic prop-
erty (Wake et al. 2012; Teimoorinia et al. 2016; Bluck
et al. 2016, 2020). When a quenched state is defined
to be a specific star formation rate less than 10% of
the average among star-forming galaxies of similar mass
(e.g., Bluck et al. 2014), the fraction of both central
and satellite galaxies that qualify as quenched is & 90%
for σv > 240 km s
−1, with no apparent dependence on
σv. Among central galaxies with σv < 240 km s
−1, the
quenched fraction continuously declines to ∼ 25% at
σv = 100 km s
−1 (Bluck et al. 2016). Among satel-
lite galaxies the quenched fraction also declines below
σv = 240 km s
−1, but not as steeply, down to ∼ 50% at
σv = 100 km s
−1.
The black-hole feedback valve model outlined in this
paper is not sophisticated enough to make quantitative
predictions for this dependence of quenched fraction on
σv or to model environmental effects. It will therefore
need to be tested with numerical simulations employ-
ing feedback algorithms that produce galaxies similar
to those shown in Figure 6. Wang et al. (2019) have
already made progress by simulating galaxies resem-
bling NGC 4472 and NGC 5044. In their simulations,
AGN feedback keeps the galaxy resembling NGC 4472
quenched for several Gyr without producing extended
multiphase gas, while the galaxy resembling NGC 5044
develops a persistent multiphase medium but still re-
mains quenched. It will be intriguing to see how the
same algorithms play out in simulated galaxies with
σv < 200 km s
−1.
Generically, we expect this AGN feedback mechanism
to be less effective at quenching smaller galaxies be-
cause the CGM entropy gradient in those galaxies is less
able to inhibit multiphase condensation during feedback
bursts, for reasons shown in Figure 7. Solid magenta
lines in that figure indicate the precipitation limit at
tcool/tff ≈ 10, along which ambient gas is marginally
susceptible to multiphase condensation. X-ray observa-
tions show that the central entropy profiles of early-type
galaxies rarely, if ever, fall below that limit. Data of
sufficient quality to derive resolved entropy profiles like
those in Figure 6 are available for only a few galaxies
in this range of σv (e.g., Babyk et al. 2018). However,
larger samples show that X-ray luminosity from within
the effective radius of an early-type galaxy does not ex-
ceed the limit imposed by the condition min(tcool/tff) &
10 and is more often consistent with min(tcool/tff) ≈ 20–
30 (Goulding et al. 2016; Voit et al. 2018).
Given that condition, Figure 7 shows that bursts of
AGN feedback tend to raise the central entropy level
above the cosmological CGM entropy level in poten-
tial wells with σv . 150 km s−1. Horizontal purple
lines in the figure indicate the entropy jump produced
by 1042 erg s−1 of kinetic feedback, as given by equa-
tion (20). Horizontal tan lines indicate the CGM en-
tropy scale produced by cosmological structure forma-
tion. Those latter lines mark
K200 ≡ kTφ
(
200fbρcr
µemp
)−2/3
(27)
and represent the typical CGM entropy level resulting
from accretion shocks (Voit et al. 2003, Voit 2005). If
the tan line is below the purple line, then feedback near
the center of the potential well produces bubbles of high
entropy gas that buoyantly rise through lower-entropy
CGM gas. This configuration is unstable and promotes
multiphase condensation of the lower-entropy gas (e.g.,
McNamara et al. 2016; Voit et al. 2017). Furthermore,
even if the tan line is slightly above the purple line, the
corresponding entropy gradient remains shallow, mean-
ing that small CGM disturbances are able to promote
multiphase condensation. In Figure 7, the tan line falls
below the purple line at σv . 140 km s−1, for which
the generic galaxy model gives M∗ . 1010.8M and
M200 . 1012.2M. This is indeed the boundary below
which most of the universe’s star formation now occurs,
but the role of entropy gradients in establishing it needs
to be explored more quantitatively with high-resolution
simulations of cosmological galaxy evolution.
Bower et al. (2017) have proposed a similar explana-
tion for how AGN feedback can cause star-formation
quenching in halos with & 1012M. However, they em-
phasize the role of halo mass instead of σv. Both pro-
posed explanations recognize that hot bubbles produced
at small radii by feedback will buoyantly rise to large
radii in halos with . 1012M. That happens because
the entropy produced by accretion shocks then tends
to be smaller than the entropy produced closer to the
galaxy by feedback heating. Bower et al. (2017) argue
that quenching happens in halos with & 1012M be-
cause the higher cosmological CGM entropy prevents
supernova-heated bubbles from rising. The resulting
buildup of galactic gas then triggers AGN feedback,
causing an eruption of energy that heats the CGM and
quenches star formation.
Motivated by the fact that quenching is observed to
correlate much more directly with σv than with halo
mass, we argue here that the role of buoyancy is more
subtle. In the black-hole feedback valve model, both
supernova and AGN feedback can inflate high-entropy
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Figure 7. Characteristic entropy profiles for generic galaxies with 120 km s−1 . σv . 200 km s−1. All figure elements have the same
meanings as in Figure 5, except for the horizontal tan lines from 30 to 200 kiloparsecs, which show the cosmological CGM entropy K200
typically generated by accretion shocks (see equation 27). A galaxy in a precipitation-limited state will have an entropy profile in the
vicinity of the magenta lines. As σv declines, the horizontal purple line corresponding to 1042 erg s−1 of feedback rises, while the tan line
indicating cosmological CGM entropy drops. Feedback in lower-mass galaxies therefore tends to produce entropy inversions that promote
multiphase circulation and stimulate condensation of clouds capable of fueling star formation. Consequently, AGN feedback is less effective
at quenching of star formation in galaxies with lower σv . However, stripping of the CGM around those galaxies can allow SNIa to drive
transsonic winds corresponding to the dot-dashed orange lines (labeled Kesc in the central panel), which have entropy profiles that enable
buoyancy to suppress condensation and star formation.
22 Voit et al.
bubbles that add heat to the CGM and regulate star for-
mation in halos with . 1012M. However, those bub-
bles fail to quench star formation in lower-mass galaxies
because they promote multiphase condensation by pro-
ducing large-scale entropy inversions.
In order to be effective at long-term quenching of
star formation, AGN feedback must maintain both
tcool/tff > 10 and a positive entropy gradient sufficient
for buoyancy to suppress multiphase condensation. We
have shown that AGN feedback is able to do so when
the depth of the galactic potential well is comparable
to the specific energy of supernova heating. As the en-
tropy gradient of a supernova-heated outflow rises with
increasing σv (see the green and teal lines in Figure 7),
the ability of buoyancy to suppress condensation in-
creases. And the entropy slope becomes great enough
for quenching to be inevitable when σv & 240 km s−1.
Halo mass also plays a role because it determines the
CGM entropy level produced by accretion shocks, which
enhances buoyancy if the cosmological entropy is great
enough, but that role is secondary.
5.3. Redshift Evolution of the Critical σv
One observationally testable prediction of the black-
hole feedback valve model is that the σv scale for quench-
ing should be greater earlier in time because the specific
energy of stellar ejecta (∗) from a younger stellar pop-
ulation is greater. Section 5.1 showed that the critical
velocity dispersion is likely to be greater than 240 km s−1
in an actively star-forming population, but even in a qui-
escent stellar population, ∗ should be greater earlier in
time. That is because the specific SNIa rate is ∝ t−1.3 in
massive ellipticals (e.g., Friedmann & Maoz 2018), while
the specific stellar mass-loss rate at late times is ∝ t−1
(Leitner & Kravtsov 2011), resulting in ∗ ∝ t−0.3.
Predictions for how the critical σv for quenching
should depend on redshift need to account for the fact
that the zero point for t should coincide with the end
of rapid star formation, which may not be the same for
all galaxies in a given sample. This paper will therefore
not attempt a detailed analysis. Instead, we present
an illustrative example for a population of galaxies that
formed most of their stars by ∼ 3 Gyr after the Big Bang
(z ≈ 2). One billion years later (z ≈ 1.5), most of the
heat generated by the aging stellar population was from
SNIa. The value of ∗ then declined by a factor ≈ 2
(because ∗ ∝ t−0.3) during the ensuing 9 Gyr, implying
that the σv scale at which αK ≈ 2/3 was a factor ≈ 1.4
greater at z ≈ 1.5 than at z ≈ 0.
Optical observations suggest that the actual quench-
ing scale has declined by a similar factor, but quanti-
tative comparisons await greater consistency among the
definitions of quenching as a function of redshift. For
example, Franx et al. (2008) defined the stellar surface-
density threshold for quenching to be the level at which
the specific star formation rate drops more than a fac-
tor of 3 below the prevailing rate at low stellar surface
density. They found that this surface-density threshold
was a factor ∼ 2.5 smaller at z ≈ 0 than at z ≈ 1.5,
corresponding to a factor of ∼ 1.6 in σv. A similar
study by van Dokkum et al. (2015) focused more nar-
rowly on the properties of massive compact galaxies at
1.5 < z < 2.25, finding that their properties are consis-
tent with a quenching probability that rises from zero
at σv = 220 km s
−1 to unity at σv = 320 km s−1. When
translated to low redshift through division by the pre-
dicted factor of 1.4, this range shifts to 160 km s−1 .
σv . 230 km s−1, consistent with the low-redshift model
outlined in this paper. Whitaker et al. (2017) focused
instead on the interval 0.5 < z < 2.5 and examined mul-
tiple definitions of quenching. Their work aligns with
van Dokkum et al. (2015) at z = 2 and is consistent
with the central density threshold decline seen by Franx
et al. (2008) down to z = 0.5.
5.4. Quenching in Galaxy Cluster Cores
We do not expect star-formation quenching in the cen-
tral galaxies of galaxy clusters to depend as directly
on σv, because their potential wells are much deeper
than the stellar velocity dispersion of the central galaxy
would indicate. In the generic galaxy model of §3.1,
we assumed that the maximum circular velocity of the
halo around a massive galaxy was similar to that of the
galaxy itself. That assumption applies to galaxy groups
with velocity dispersion ∼ 300 km s−1 and X-ray tem-
perature ∼ 1 keV but not to galaxy groups and clusters
with velocity dispersion & 450 km s−1 and X-ray tem-
perature & 2 keV.
Because of the deeper halo potential well, the gas pres-
sure in the central galaxy of a galaxy cluster is often
considerably greater than in the galaxies this paper has
analyzed, and so radiative cooling can greatly exceed
SNIa heating. Cool-core clusters, with central entropy
level < 30 keV cm2 and tcool . 1 Gyr at 10 kpc, have the
largest central gas pressure. Observations show that ex-
tended multiphase gas is nearly always present near the
center of a cool-core cluster, independent of σv. AGN
feedback limits the cooling flows in those central galaxies
but allows multiphase gas to collect and star formation
to proceed at 1–10% of the uncompensated cooling-flow
rate (McDonald et al. 2018). In that regard, central
galaxies in cool-core clusters are similar to the galaxies
in Figure 6 with 200 km s−1 < σv < 240 km s−1.
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Some of those central cluster galaxies have σv >
240 km s−1, meaning that there is a halo mass above
which the mechanism outlined in §2.6 does not work
as described. In order for the mechanism to operate,
the central AGN must be capable of lowering the CGM
pressure by pushing much of the ambient halo gas to
greater altitudes. For that to happen the total amount
of kinetic feedback energy must be at least as great as
the CGM binding energy, which is several times 1062 erg
in a 1014M halo. Significant lifting of that CGM re-
quires ∼ 1045 erg s−1 of energy input, sustained over
a cosmological timescale. The analogous requirement
for a 1015M halo is several times 1046 erg s−1. Ob-
servations of feedback in galaxy clusters show that the
AGN’s kinetic power is rarely greater than a few times
1045 erg s−1 (e.g., McNamara & Nulsen 2012), account-
ing for why essentially all cool-core clusters with AGN
feedback also have extended multiphase gas, regardless
of σv in the central galaxy. However, why kinetic AGN
power in the centers of galaxy clusters is not greater
remains an open question.
5.5. Quenching and the MBH–σv Relation
The black-hole feedback valve mechanism for quench-
ing implies that MBH should depend on σv because it
requires the black hole’s integrated kinetic energy out-
put to be at least comparable to the binding energy of
the CGM. The resulting lower limit can be expressed as
MBH &
fbM200σ
2
v
BHc2
≈ 108M
( BH
10−2
)−1
σ5240 , (28)
where BH is the proportion of the black hole’s rest-mass
energy that becomes thermalized in the CGM. A simi-
lar limit follows from setting BHMBHc
2 & LXH−10 (Voit
et al. 2015a). These limits are generic to any quenching
model that relies primarily on AGN feedback to reduce
the CGM pressure around a central galaxy (e.g., Davies
et al. 2019, 2020; Oppenheimer et al. 2020), but the ef-
ficiency factor BH is difficult to infer from simple mod-
els. Observations showing that MBH ≈ 7× 108 σ4.4240M
(e.g., Kormendy & Ho 2013) suggest that the scaling
of MBH with σv may result from the CGM lifting re-
quirement of AGN feedback. And the observations still
imply BH & 1.4 × 10−3 σ−0.6240 even if the connection is
not directly causal.
In cosmological simulations, the conversion efficiency
kin of accreted rest-mass energy to kinetic AGN feed-
back output is generally a free parameter. Oppenheimer
et al. (2020) have recently analyzed an EAGLE sim-
ulation in which that conversion efficiency was set to
kin = 1.67 × 10−2. They found that star-formation
quenching was strongly correlated with both MBH and
lifting of the CGM. They also found that CGM lifting is
inefficient, because the integrated AGN feedback output
required to accomplish CGM lifting was ≈ 10 times the
CGM binding energy. Their simulations therefore effec-
tively had BH ≈ 1.7 × 10−3, in good agreement with
the efficiency inferred for CGM lifting inferred from the
MBH–σv relation. While that finding is encouraging, it
cannot be considered clinching evidence in favor of a
connection between the MBH–σv relation and CGM lift-
ing, because the effective BH still depends linearly on
the arbitrarily tunable parameter kin.
Nevertheless, recent observations also indicate a close
connection between quenching and integrated AGN en-
ergy output, as reflected by MBH. Terrazas et al. (2016,
2017) have compared star formation rates among galax-
ies with directly measured central black hole masses and
find a strong correlation between MBH and quenching.
In quenched galaxies, the black hole masses are an or-
der of magnitude greater than in star-forming galax-
ies of similar stellar mass. The correlation between
quenching and σv in their sample is equivalently strong,
with the transition to a quenched state occurring in the
range 160 km s−1 < σv < 250 km s−1. Terrazas et al.
(2016, 2017) find considerably weaker correlations be-
tween quenching and either M∗ or bulge mass.
According to the black hole feedback valve model, the
galaxy property most fundamentally related to quench-
ing is σv because it determines (1) how effectively AGN
feedback can suppress condensation of hot CGM gas,
and (2) the amount of AGN feedback energy necessary
to lift the CGM out of the galactic potential well. If
that interpretation is correct, then the scatter observed
in the MBH–σv relation primarily reflects scatter in the
efficiency parameter BH from galaxy to galaxy, at least
among galaxies that are not at the centers of massive
galaxy clusters. However, the integrated AGN energy
input needed to offset radiative cooling in the most mas-
sive halos is greater than one would infer from equation
(28), causing the model’s predictions to shift to greater
MBH at fixed σv (see V15b).
5.6. Quenching and CGM Stripping
Reducing the boundary pressure around a massive
galaxy by stripping its CGM will have effects on quench-
ing similar to those of AGN feedback. Figure 7 shows
that SNIa heating in galaxies with σv . 200 km s−1 is
capable of driving a heated outflow that escapes the
galaxy’s potential well, once CGM confinement has be-
come negligible. Those flows have min(tcool/tff)  10
and strong entropy gradients, implying that they remain
homogeneous while escaping the galaxy. They also reach
tcool > 10 Gyr inside of r = 10 kpc. Any cold gas re-
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maining within the galaxy after the CGM is stripped
may continue to form stars but will not be replenished
by multiphase condensation of the CGM. However, the
outflow is probably too diffuse to prevent accretion of
cosmological gas that may happen to be falling into the
galaxy.
5.7. Angular Momentum
So far, our model completely ignores the undoubtedly
important role of angular momentum. In general, ro-
tation is expected to promote development of a multi-
phase medium by suppressing the stabilizing effects of
buoyancy on condensation (Gaspari et al. 2015; Sobacchi
& Sormani 2019; Sormani & Sobacchi 2019). A rotat-
ing CGM is therefore more likely to condense at greater
levels of min(tcool/tff), making quenching less likely at
a given σv. We plan to explore the effects of angular
momentum in future work. This limitation currently
precludes us from applying the model directly to late-
type galaxies, in which angular momentum will be more
important.
6. SUMMARY
We have presented a model for AGN feedback that
closely links quenching of star formation with a galaxy’s
central stellar velocity dispersion. That link emerges
from an analysis of steady gaseous outflows driven by
quiescent stellar populations. We demonstrate that an
outflow’s profiles of pressure, density, and gas entropy
depend directly on ∗/v2c , the ratio of the specific energy
of ejected stellar gas to the square of the galaxy’s circu-
lar velocity. Galaxies with σv & 240 km s−1 can remain
in a steady state consisting of an inner cooling flow sur-
rounded by a supernova-heated outflow, while galaxies
with σv . 240 km s−1 are prone to multiphase circula-
tion. AGN feedback in the subset with σv & 240 km s−1
is therefore able to tune itself to lift the CGM, reduce
the confining pressure it exerts, and quench star for-
mation through a mechanism we have called the black-
hole feedback valve. In galaxies with σv . 240 km s−1,
this quenching mechanism becomes less reliable because
feedback is more likely to produce multiphase precipita-
tion away from the galaxy’s center. Figure 8 graphically
summarizes the model.
The most notable features of the model are:
1. It predicts that a radial supernova-heated outflow
through a massive galaxy should have a power-law
entropy profile slope (αK) that depends primarily
on ∗/v2c (§2.2).
2. The entropy slope αK ≈ 2/3 is special because it
corresponds to an electron density profile ne ∝ r−1
along which the ratio of SNIa heating to radia-
tive cooling remains approximately constant with
radius. It is also special because the tcool/tff ra-
tio remains approximately constant with radius.
Galactic outflows that have αK > 2/3 therefore
tend to promote cooling and condensation of am-
bient gas near the origin, in the vicinity of the
central black hole, and become less prone to mul-
tiphase condensation as r increases. Conversely,
outflows with αK < 2/3 are more prone to conden-
sation at large radii and therefore promote multi-
phase circulation. For a stellar population age of
≈ 10 Gyr, the critical slope αK ≈ 2/3 corresponds
to σv ≈ 240 km s−1 (§2.3).
3. X-ray observations of massive elliptical galaxies
agree with the heated outflow analysis, in that
galaxies with σv > 240 km s
−1 tend to have SNIa
heating rates that exceed radiative cooling at r ≈
1–10 kpc, while radiative cooling tends to exceed
SNIa heating over the same radial range among
galaxies with σv < 240 km s
−1 (§2.4).
4. The normalizations of the density, pressure, and
entropy profiles of a subsonic heated outflow are
determined by an outer pressure boundary condi-
tion set by the CGM. If the pressure is too large,
radiative cooling will exceed SNIa heating, causing
a cooling flow that triggers AGN feedback. Cou-
pling between AGN feedback and CGM pressure
should therefore keep the ambient gas near the
AGN close to the point of heating/cooling balance
(§2.5).
5. In galaxies with σv & 240 km s−1, this coupling be-
tween AGN feedback and the CGM should form
a self-regulating valve that links AGN fueling to
CGM pressure. Feedback in those galaxies adds
heat to the CGM, causing it to expand until the re-
duction in its pressure brings time-averaged heat-
ing into balance with the energy needed to lift the
CGM (§2.6). This black-hole feedback valve mech-
anism inevitably quenches star formation, because
the ambient value of tcool/tff rises beyond ≈ 20 at
r & 1 kpc, making the ambient medium stable to
multiphase condensation (§2.7).
6. In galaxies with σv . 240 km s−1, outflows heated
by SNIa and confined by a significant CGM pres-
sure cannot remain heating dominated as they
propagate to large radii. They are destined to
become cooling dominated, producing entropy in-
versions that are unstable to multiphase conden-
sation. Those galaxies are consequently prone to
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Figure 8. Graphical summary of the black-hole feedback valve model. At the top is a graph showing relationships between the
power-law entropy slope αK of a galaxy’s ambient gas and the circular velocity vc of its potential well. The lower horizontal axis gives
σv = vc/
√
2, along with arrows indicating how galactic star formation correlates with σv (§5.2). A salmon colored line shows the predictions
of equation (6) for supernova-heated outflows driven by a specific stellar heat input ∗ = 2 keV/µmp. An orange line shows predictions for
∗ = 3 keV/µmp. A dashed purple line shows the critical entropy slope αK = 2/3 (§2.3). Dotted salmon and orange lines indicate the values
of vc that are critical for each value of σv . A dotted teal line illustrates how the family of steady flow solutions shown in Figure 5 departs
from the predictions of equation (6) above σv ≈ 300 km s−1 and saturates near αK ≈ 1.2. Symbols correspond to the galaxies shown in
Figure 1 and represent the best-fitting values of αK from 1 to 10 kiloparsecs. Within galaxies having 200 km s
−1 < σv < 240 km s−1,
radiative cooling exceeds supernova heating in this radial interval (§2.4), and so αK is not expected to follow the predictions of equation
(6). Most have entropy slopes similar to the precipitation limit (magenta line), but one has a slope closer to that of a pure cooling flow (blue
line). Below the graph are three schematic illustrations of the model’s qualitative predictions for how the flow pattern in a galaxy’s ambient
medium should depend on σv . On the left is a lower-mass galaxy around which feedback blows bubbles with greater specific entropy than
the CGM. Those buoyant bubbles drive multiphase circulation and fail to prevent cold, star-forming gas from collecting in the galaxy’s disk
(§5.2). In the middle is a more massive galaxy in which CGM entropy exceeds what supernova heating can produce. The CGM pressure
therefore confines ejected stellar gas and causes some of it to accrete onto the central black hole. AGN feedback then suspends the ambient
medium in a marginally precipitating state, driving multiphase circulation but preventing significant star formation. In the high-mass
galaxy on the right, supernova heating beyond the stagnation radius r0 can drive an outflow with αK > 2/3, because σv > 240 km s
−1.
Cooling and condensation of ambient gas is therefore focused on the central black hole, which responds by producing strong jets that heat
the CGM. In this configuration, CGM pressure at the boundary radius rb determines the strength of the cooling flow inside of r0 and
therefore acts like the knob on a valve that governs AGN feedback power. The valve adjusts itself so that time-integrated AGN feedback
power suffices to lift the much of the CGM out of the galaxy’s potential well, leading to complete quenching of star formation.
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precipitation and evolve toward a precipitation-
limited state with tcool/tff ≈ 10 to 20 over a broad
range of radii (§2.7).
7. Simulations designed to test the black-hole feed-
back valve mechanism require high spatial resolu-
tion (< 100 pc), because the mechanism calls for
high-power jets (& 1044 erg s−1) to drill through
the galaxy’s ambient medium at 1–10 kpc with-
out significantly disrupting it before thermalizing
their energy in the CGM at 10–100 kpc (§2.8).
8. Numerical steady-flow solutions corroborate the
analytical estimates on which the black-hole feed-
back valve model is based. In particular, steady
flows in galaxies with σv & 240 km s−1 are cooling
flows at small radii and SNIa-heated outflows at
larger radii, with αK in alignment with the pre-
dictions of equation (6).8 Steady flows in galax-
ies with σv . 240 km s−1, on the other hand, are
cooling dominated at large radii and are prone to
developing entropy inversions (§3).
Comparisons with high-quality Chandra X-ray obser-
vations of 10 massive elliptical galaxies support the
model:
1. In the galaxies with σv & 240 km s−1, the entropy
slope αK from ∼ 1–10 kpc generally agrees with
the predictions of equation (6), and those galax-
ies are single phase in that radial interval, with
one exception (NGC 6868, possibly a borderline
case with σv = 252 km s
−1). The galaxies with
σv . 240 km s−1, in contrast, are multiphase in
that radial interval and track the precipitation
limit at tcool/tff ≈ 10 (§4). Outside of 10 kpc,
ambient gas around the multiphase galaxies tends
have lower entropy, greater pressure, and greater
density, resulting in greater X-ray luminosities rel-
ative to the single phase galaxies. Larger samples
of elliptical galaxies should therefore be checked
to see if there is an inflection of the LX-σv rela-
tion above 240 km s−1 once the central galaxies of
groups and clusters with kT & 2 keV have been
excluded.
2. Inside of ∼ 0.5 kpc, the entropy profiles of most of
the ellipticals analyzed depart from the power
laws oberved at larger radii and flatten near
8 The alignment is poorer above σv ≈ 300 km s−1, because the
mean entropy slope of the steady flow solutions at 1–10 kiloparsecs
starts to saturate at αK ≈ 1.2, as shown by the dotted teal line
in Figure 8.
K0 ≈ 2 keV cm2. That entropy level is consistent
with intermittent shock heating of a precipitation-
limited atmosphere by ∼ 1042 erg s−1 of kinetic
feedback. Bondi accretion of ambient gas at
that entropy level onto a central black hole with
MBH ∼ 109M is capable of supplying the cur-
rently observed feedback power, but it is insuffi-
cient to lift the CGM. However, the one galaxy
with an unbroken power-law entropy distribution
inside of 0.5 kpc (NGC 4261) has a kinetic power
output two orders of magnitude greater. It is also
the only galaxy in the sample with tcool/tff . 10
at < 200 pc, implying that chaotic cold accretion
onto the central black hole is temporarily super-
charging AGN feedback and enabling it to lift the
CGM (§4.1.1, see also V15).
The model was inspired by X-ray observations but has
broad implications for optical/IR studies of galaxy evo-
lution (§5):
1. It links the ability of AGN feedback to quench
star formation directly to σv, which optical/IR ob-
servations have shown to be the galaxy attribute
most closely correlated with quenching of central
galaxies (Wake et al. 2012; Teimoorinia et al. 2016;
Bluck et al. 2016, 2020). At σv & 240 km s−1,
observations show that & 90% of both central
and satellite galaxies are quenched, with no ap-
parent dependence on σv. This finding aligns
well with the model’s prediction that supernova-
heating outflows should be homogeneous in galax-
ies with σv & 240 km s−1. In contrast, the frac-
tion of galaxies with σv . 240 km s−1 that are
quenched appears to be a continuous function of
σv that drops below 25% for central galaxies with
σv . 100 km s−1. According to the model, the
quenched fraction should be smaller at smaller σv
because energetic central feedback more easily pro-
duces entropy inversions that result in multiphase
condensation (5.2). However, this qualitative con-
clusion needs to be investigated more quantita-
tively with numerical simulations.
2. Earlier in time, the predicted critical value of σv
for quenching is greater, because ∗ is greater in
younger stellar populations. While star formation
is still active, the critical value for effective quench-
ing by AGN feedback is σv ≈ 300 η−1 km s−1,
where η is the ratio of gas outflow rate to star
formation rate. It implies that galaxies cannot
greatly exceed σv ≈ 300 km s−1 without super-
charging AGN feedback. The properties of “red
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nugget” galaxies at z ∼ 2 support this implication
because they are compact, quenched galaxies with
250 km s−1 . σv . 400 km s−1 (§5.1).
3. As a galaxy’s stellar population ages, the critical
value of σv declines because the specific SNIa rate
drops more rapidly than the specific stellar mass
loss rate. This decline plausibly accounts for ob-
servations showing that the central stellar surface
density associated with quenching declines with
time (§5.3).
4. In the central galaxies of massive galaxy clusters,
αK is not expected to correlate as closely with σv,
because the greater central CGM pressure in cool-
core clusters causes radiative cooling to greatly ex-
ceed SNIa heating. Those systems are instead ob-
served to have roughly constant tcool/tff profiles
that track the precipitation limit, with αK ≈ 2/3
at 5–20 kpc (5.4).
5. Any model for quenching that requires AGN feed-
back to alleviate CGM pressure confinement, in-
cluding the one presented in this paper, predicts
a lower limit on MBH that depends on σv. The
resulting scaling (MBH ∝ σ5v) is interestingly close
to the observed scaling. If central black hole mass
is indeed linked to the binding energy of the CGM,
then observations imply that AGN feedback ther-
malizes a fraction & 10−3 of the black hole’s rest-
mass energy in the surrounding CGM (§5.5).
6. Galaxies in which rotation helps to support the
ambient medium might not conform as precisely
to the model’s predictions, because of how angular
momentum alters the buoyancy effects that limit
condensation. Werner et al. (2014) have suggested
that NGC 6868 may be one such example (see also
Jura´nˇova´ et al. 2019). Future modeling will there-
fore need to account for how rotation affects the
critical value of σv (§5.7).
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